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SUMMARY 


A quantitative model is formulated 
which describes experimental data on 
the induction of cancer in albino mice 
by ultraviolet light. This model is 
based on the continuous acceleration of 
tumor growth by successive doses of 


as describing such accelerated growth 
or as a strictly empirical fitting, one 
arrives at the conclusion that the 
process is continuous, cumulative, and 
essentially irreversible and nonthresh- 
old.—J. Nat. Cancer Inst. 23: 319-335, 


radiation. Accepting the model either 1959. 


CANCERS GROW at higher rates than the tissues from which they 
originate; hence acceleration of growth rate must be thought of as one basic 
characteristic of cancer development. A priori one may conceive this 
acceleration to occur abruptly or gradually; but in carcinogenesis by ultra- 
violet light the first alternative seems ruled out. Data on cancers induced 
in mouse skin by that agent indicate that their development is a contin- 
uous process, not an abrupt one, and that certain aspects may be explained 
on the basis of acceleration of growth by repeated dosage (1). In the 
present paper this argument is extended to give a more complete quantita- 
tive description, which explains aspects of the data not previously 
accounted for. 


REVIEW OF PREVIOUS ANALYSIS 


For the convenience of the reader in following the subsequent argument, 
a brief summary of the previous analysis, which was published several 


years ago (1), and the terminology used, is given in this section. The 
data, on which the analyses are based, derive from experiments on albino 
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mice (strain A) that were exposed to a dosage of ultraviolet light at 
regular intervals.‘ 


The notation used in describing these data may be summarized as 
follows: 
tz (called the development time) is the time in days, from the first dose 


of ultraviolet light to the time a tumor has appeared on the ear and 
has reached a certain volume. 

Vz is this “terminal” volume (average 60 mm.*). 

i is the interval, in days, between doses of ultraviolet light, which unless 
otherwise specified were continued throughout tg. 


D is the magnitude of the single incident dose (measured in units defined 
in the earlier paper). 
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TEXT-FIGURE 1.— Data for four experimental series, in each of which the animals 
received identical treatment; the dose D and the interval i being held constant in 


each case. The drawn curves are identical except for their position on the abscissa 
[see also (1)]. 


When the percentage of mice with tumor is plotted against the logarithm 
of tz, as in text-figure 1, a normal distribution is obtained. The curve 
has the same shape and slope regardless of the dosage schedule, that is, 
changing D or i only moves the curve along the abscissa. The relation- 
ships may be more readily followed if percentage incidence is plotted as 
a function of probability, that is, on a probability grid, which turns the 
sigmoid curve into a straight line. This has been done in text-figure 2, 
where the ordinate values correspond to probabilities as measured by the 
integral of a normal distribution. In the following discussion p will indi- 

4 The experimental procedures are summarized in the same paper with the previous analysis (/), where refer- 


ences to the original descriptions are given. Some of the discussion in that paper becomes obsolete in terms of the 


present one, and the reader who finds it desirable to refer back may omit sections III-B-2, and III-B-5, without 
loss. 
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TEXT-FIGURE 2.—The same curves shown in text-figure 1, with incidence level plotted 
on a probability grid against the logarithm of the development time. p = 0 on 
the left ordinate, corresponds to the mean value of log ta on the abscissa; o represents 
the standard deviation (0.082 log days). Note that the slopes of the curves are 
all the same. Probits, indicated in the right ordinate, are a convenient means of 
translating percentages into probabilities. 


cate a given incidence level of tumors within a population of similarly 
treated mice, in terms of this probability function. 

The smooth acceleration of tumor growth induced by the action of 
ultraviolet light applied at regular intervals should be described by the 
equation , 4 

IV Dt 
Vdt i a) 


which gives the instantaneous relative growth rate at any given moment, 
where V is the volume, ¢ the time, D the magnitude of the dose of radia- 
tion, 7 the interval between doses, and k an acceleration coefficient. 

The usual experimental procedure was to expose a group of animals 
to a given dose of radiation at regular intervals; that is, for a given experi- 
mental series, D and 7 are constant. Under these conditions we obtain 
by integration 


>» _ OF 
InV —InV, = m (2) 
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where V, is the volume at the beginning, V the volume at the end of the 
period of time ¢, and In indicates the natural logarithm. 

For the condition tz, V4, we may write 

. 
InV, —InV, = aoe (3) 
where V, is the volume at the end of the development time ¢,. 

In the model used in the previous paper (called here the approximate 
model) it was assumed that V, was the same in all cases so that the left- 
hand term in (3) is constant; that is, as though the tumor grows from a 
fixed initial number of cells. The difference in ¢, for different incidence 
levels had then to be explained by differences in the acceleration coefficient 
k. With these assumptions the data support the relationship indicated 
by (3) up to a certain maximal dose D,, above which tz, does not decrease 
with increase in D. This is illustrated in text-figure 6 of the previous 
paper (/). 

The following relationship is observed to hold for any given value of p 


Dy (ta) m ; 
f é. Gee = (constant) , (4) 


where (tz) is the value of tz corresponding to D,,. 

Obviously, acceleration cannot go on indefinitely in such a system, 
and comparing with (1) it is seen that the relationship described 
by (4) indicates that the maximum rate reached at different values of 7 is 
the same. 

In certain experiments the doses were stopped after a given time; in 
these the time to appearance of the tumors was delayed beyond that 
expected if the dosage had been continued [see text-fig. 8 of the previous 
paper (/) and accompanying discussion]. A plausible assumption is that 
growth after cessation of the dosage with ultraviolet light continues at a 
constant rate, which has been reached at the end of the period of dosage. 
This situation should be described by the following equations: During 
the dosage period ¢t, a certain volume V, is reached; ¢.g., 


kDt} 


om (5 
% )) 


InV, —InV, = 
and the continuation of growth at a constant rate after the cessation of 
dosage should be represented by 


In Va = In V; = mm t. (6) 


where ¢, is the time from cessation of dosage until a tumor of volume V, 
appears. In this case kDt,/i describes the relative growth rate established 
at time ¢, [see equation (1)]. Since 


InV, — InV, = (InV, — InV,) + (nV, — InV,) (7) 
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we may substitute from (3), (5), and (6) to obtain 


kDtz kD? , kDtyt, 
.s" = @) 


and canceling out and rearranging 


The above relationship (9) holds reasonably well when ¢, is close to tg, 
but breaks down for low values of ¢;, as is seen from text-figure 3. 





j 
' 


v—tt 
aia x 10% 
2 

Text-FicurRE 3.—Plotting of the data from an experiment with discontinued dosage 
to illustrate the failure of the approximate model. The points are from three series 
(indicated by the code) in each of which the dosage was discontinued at a different 
time—CF, CE, and CD, at 95, 88, and 74 days, respectively—plus an additional 
series in which dosage was continued to tg [see previous paper (1) for a description 
of this experiment]. 





DIFFICULTIES WITH THE APPROXIMATE MODEL 


The approximate model formulated, while describing the data up to a 
certain point, fails to account completely for certain aspects. The fol- 
lowing three apparent discrepancies are listed in the order in which 
they will be considered in the next section: 

1. The model fails to describe experiments with discontinued dosage 
[equations (5) to (9)]. 
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2. It might be expected that when D and i are held constant, the 
variation of t, with the incidence level would be explained by variation 
ink. But from (4) we should expect tz to vary inversely with k, whereas 
from (3) we should expect tj to vary inversely with k. 

3. For experiments with different values of i, the relationship indicated 
by (3) does not hold strictly, but is described empirically by 


2 
a a . 


2(1 98 
v 


A MORE COMPLETE DESCRIPTIVE MODEL ° 


The idea of growth from a fixed number of clones is obviously fallacious, 
though it has served with limited success in constructing the approxi- 
mate model. Cells, and hence potential clones, are destroyed by every 
dose of ultraviolet light [e.g., see (3)], and clones may also be recruited 
during the development of the tumor, as will be shown in the following 
paper (4). These factors must modify the shape of the growth curve. 
In the present paper it will be shown that the data may be described 
quantitatively by a modification of the approximate model; and in the 
following paper [(4) see also (12)] this new model will be shown to be in 


accord with the concept of accelerated growth rate modified by a changing 
number of participating clones. For the present, however, let us regard 
our descriptive model as empirical, since its success in describing the 
data, including some not considered in formulating the approximate 
model, permits certain conclusions to be reached, without regard to the 
theory behind it. Thus the conclusions drawn at the end of this paper 
will be free from any specific hypothesis of mechanism. 


Explanation of Experiments With Discontinued Dosage 


Re-examining the data plotted in text-figure 3, one finds the following 
relationship to hold 
2t,te 


Pet on 9" 
e—ty)? b (12) 


where 6 is constant for a given incidence level. This is seen from column 
6 in table 1, which is based on values taken from drawn curves in text- 
figure 8 of the previous paper (1), at three incidence levels. From 
column 8 in that table it is seen that for the three incidence levels examined 


(13) 


5 This model was briefly described in an earlier paper (2). 
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TaBLe 1.—Approximate determination of the value of. the coefficient b 





Percent Experimental ta ty te 2 (tite) 
incidence series (ta—th)? 





CF 141 54 
CE 78 
CD 7 

CF 

CE 

CD 


CF 
CE 


85 : , 

88 . 20 
53 . 89 
98 ; . 98 
84 . 84 
35 . 35 


08 ; . 66 
67 . 35 


Avg. 4. 05 


woo mtd 





where 6 and ft, are the values of b and t,, respectively, at the 50 percent 
incidence level (p = 0). 

Instead of our using the drawn curves, values of 6 may be calculated 
in the following way for each point determined in the experiments on 
discontinued dosage. The value of tz at the incidence level of the experi- 
mental point is read off from the curve for continued dosage. This value 
of tg is inserted together with the corresponding values of ¢; and # in 
equation (12), and the value of b is calculated. By inserting these 
values in (13), corresponding values of 6 may be calculated. By averaging 
the values of b obtained in this way, a value for 5 is arrived at which is 
very close to 4.00. To illustrate the close agreement of the experimental 
points with equation (12), this value of 6 has been used to calculate the 
individual values of b, for text-figure 4 and those from a similar experi- 
ment which has another value of D (above D,,). It is clear that (12) is 
adequately obeyed; comparison of text-figures 3 and 4 shows that this 
relationship describes the data much better than that obtained from the 
approximate model (equation 9). 

Rearranging (12) and combining it with (6) we have 


bkD(ta—t,)? _kDtyte 
an ae 
to describe the growth of a tumor at a given percent incidence level. 
We note that when ¢t, = t,, nV, — InV, becomes zero, that is V; = Va. 
At this time f, is also zero. 
To describe the growth of the tumor from an initial volume V, we 
may write: 


In Va — In V; = (14) 


In Vy — In, = EP ey —(t,—1) 9 = KP tt, (15) 


where V, corresponds but is obviously not equal to V, in the approximate 
model. It is seen that when t, = tz, Vi = V., and equation (15) becomes 


bkDti 


Fe sai = 
InV, — InV. on 


(16) 
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Text-FicurE 4.—The same data described in text-figure 3, plotted according to 
equation (12). An additional experiment of the same kind is included [CL, see (1)]. 


which is similar to (3) and satisfies the relationship found when D is 
varied experimentally with both 7 and p held constant. 

An idea of the difference between this model (equation 15) and the 
approximate model is given by text-figure 5 in which the former is repre- 
sented by broken lines. Predicted growth after cessation of dosage is 
described for the two models by the corresponding straight lines. It is 
seen that the present model fits the data, whereas the approximate mode] 
does not. It is clear, however, that the curve for the former does not 
give an exact picture of the course of growth of the tumor—obviously the 
rate of growth does not reach zero at the time tz, as the curve suggests, but 
only fixes points with respect to the volume V, which was chosen arbi- 
trarily for practical reasons. This apparent paradox, which seems to be 
explained by the addition and subtraction of clones, will be discussed 
in the following paper (4). 

The adequacy of the model for describing our data is shown in another 
type of experiment with interrupted dosage, where the approximate model 
is even less successful than in the case described above (1). In this 
experiment dosage was continued for a period ¢,, which varied, for the 
five series concerned, from 5 to 75 days. After this a respite of 30 days 
without dosage was allowed, this period being designated ¢,. After this 
the dosage was resumed for a period t;, which (depending upon the inci- 
dence level) continued until V, was reached. Dosage was stopped for 
the last time at 180 days; in those cases where V, had not been reached 
by this time, the period from the end of ¢,; until Vz was reached is 
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TEXtT-FIGURE 5.—Volume—time relationships for the approximate and completed 
models. The solid thin lines represent the approximate model, the heavy broken 
lines the present model. The curves labeled A and C represent, for the respective 
models, the condition when dosage is continued until volume V4 is reached at the 
point labeled tg. The corresponding straight lines represent growth at constant 
rate after dosage ceases at the times indicated by a,b, andc. The solid disks labeled 
ta, a’, b’, and c’, represent the experimental points corresponding to the conditions 


indicated by ta, a, b, andc. The open circles represent the points calculated on the 
basis of growth at constant rate after the end of dosage. 
percent tumor incidence for the experiment described in text-figures 3 and 4, where 


D=1.8 and i=1.4. 
designated t,. [The data and arrangement of the experiment are shown 


in text-figure 9 of the previous paper (/).] 
The growth of the tumors under these circumstances is divided into 


Based on data for 50 


four intervals as follows: 


Va 
In Vv. = In— 


a 


'4 Ing? + Ing + Int (17) 
3 
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Let us assume that the process we are studying is completely irreversible. 
Then we may combine periods ¢; and ¢; 


Vi, 1 Vs _ 5kD 
Inge + Ing = G7 (4 — [e—-(t+ t)P} (18) 


and the periods f, and ft, 
V. V. kD 
ny + ny males [t:te+ (t1+ ts) t4] 


Substituting from (16), (18), and (19) in (17) 


;_b D 
koe - oe {té—[ta— (ti+ ts)}?} + e ttats + (t:+ts)t) (20) 


and canceling out and simplifying 


2ta(t; + ts) — (t: + ts)? — . [t:t2+ (t, + ts) t4] 


ox] 21 
B (21) 





For those cases where period ¢, is missing the term (¢, + ¢;)t, drops out. 

Good agreement of the data with equation (21) is indicated in text- 
figure 6, where the manner of plotting corresponds with that in text- 
figure 4. The points are seen to deviate systematically from the straight 
line representing unity, but the deviation is not great. The direction 
of the deviation is that to be expected if there were a slight degree of 
recovery during the periods of respite from dosage; but this deviation 
might easily result from a systematic error introduced in the estimation 
of ts, which was taken from pooled data and may not represent, exactly, 
the population of animals used in this particular experiment. If recovery 
does occur, it would not seem to be of great magnitude, and it may be 
assumed that the over-all process is essentially irreversible. In any 
event the model seems to describe these data reasonably well over the 
whole range of tumor development, beginning within at least a few days 
after the first dose. 


Variation of Development Time With Incidence Level 


The model contains two functions which vary with incidence level. 
The first of these, k, has been described as the acceleration coefficient; 
values of k will not be estimated in the present paper. From the rela- 
tionship described by (4) it is to be expected that & varies inversely with 
tz, and we may write 


bon kis (22) 
d 


where & is the value of k corresponding to the 50 percent incidence level 
(p = 0). 
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TEXT-FIGURE 6.—Plotting the data from an experiment with interrupted dosage, ac- 
cording to equation (21). [See (1) for a description of the experiment (DA—DK).] 


The second function, 6, which would seem to be associated with the 
addition and removal of clones of replicating units, has been estimated 
from the data on discontinued experiments. 


function with incidence level is described by equation (13). 
From text-figure 2, we see that 


The variation of this 


In tg — nt = po 


fe —" 
Hence we may write from (22) and (24) 
k = ke-™ 
and from (13) and (24) 


b = be-™ 
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Substituting in (16) 
bke-*”"Dti 


In V,z—In V, = oh 


(27) 


This relationship indicates that the value of tj is determined inversely 
by the product of two factors k and 6, both of which vary randomly. 
This would seem to explain the second discrepancy presented by the 
approximate model (objection 2) according to which model the variation 
of t? would be expected to depend only on the acceleration function fF, 
which from relationship (4) would be expected to vary inversely with t,. 
In the following paper (4) it will be shown that the functions k and 5 
appear to relate to different aspects of the growth process; the latter 
describing the number of clones of replicating units, whereas the former 
describes the acceleration of the rate of replication of these units. 

The distribution of the logarithm of t, with respect to p (see text-fig. 2) 
may now be explained in terms of equation (27). This distribution is 
obtained under the condition that D and i are constant. According to 
our model V, is also a constant, and collecting all constants as g, we may 
write 


2 = g e2Pe (28) 
and 


In tg — , In g = po (29) 


where (4 In g) determines the position of the curve on the abscissa. 


Variation of the Development Time With Interval Between Doses 


The third objection to the approximate model concerns its failure to 
predict an observed variation with i, which is described by equation (10). 
Let us rewrite this equation in conformity with (16) 


ie Vp~ te Vio See 


2i(1 am 
a 


where c is a function defined by 
c 


(Es 
7 


(31) 


It is seen from inspection of (30) that the development time of these 
tumors increases with the interval between doses to an extent greater 
than is predicted by the approximate model. This indicates a tendency 
toward “recovery” during the interval between doses—the longer the 
interval the greater the extent of recovery. 
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Let us introduce some data having to do with the distribution of tumor 
types which seem to bear on this point. Histopathological examination 
of nearly 600 of these tumors (5) showed that the majority were spindle- 
cell sarcomas, with a varying proportion of carcinomas arising from the 
epidermis; a negligible number were of other types. A good many of 
the tumors were mixed, 1.e., contained both sarcoma and carcinoma 
tissue; this is, of course, conclusive evidence that the tumors may arise 
from more than one clone of cells, since the sarcoma and carcinoma cells 
are of very different types. The ratios of carcinomas to sarcomas, in 
relation to other factors, are shown in table 2; in the case of mixed tumors 
the carcinomas and sarcomas have been scored separately since the 
number of pure carcinomas is small. 


TaBLE 2.—Distribution of types of tumor induced by ultraviolet radiation in the ears 
of albino mice (strain A). From the data of Grady, Blum, and Kirby-Smith (6) 





Tumor types 





Number Carcinoma 
Dose, D, of —_—_—_—_—_—_——- 


ergs.cm.-? animals Carcinoma Sarcoma Sarcoma 





A. 
All doses 
given 
5 times 
per : 
week . 06 
( = 1.4) . 72 





Total = 458 





B. Percent 
Various incidence 


doses 
(8.6-0.72) 0-10 
and 3 11-20 
intervals 21-30 
included 31-40 
¢ = 1,1.4,7) 41-50 








Interval 
between 
exposures, 
1, days 

1 78 
1.4 458 
7 58 


Total = 594 








In table 2 A. a total of 458 tumors from experiments in which the 
interval between doses is the same (i = 1.4) are listed according to the 
dose per exposure; it is seen that there is no systematic variation of the 
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carcinoma-sarcoma ratio with dose. In table 2 B. the same tumors are 
listed, plus others obtained with different values of 7, with respect to the 
incidence level in which they fall within the experimental group; that is, 
within groups of identically treated mice without regard to Dori. Again, 
no marked systematic difference is seen (although there is perhaps a slight 
drift); the ratio of carcinomas to sarcomas being essentially the same for 
tumors occurring early or late within the group, regardless of treatment. 
In contrast, table 2 C., where 594 tumors are listed according to the 
interval between exposures (i) without regard to dose or distribution 
within the group, shows that the carcinoma-sarcoma ratio is strongly 
interval dependent. 

We see, then, that the composition of the population of clones making 
up the tumor (at volume V,) varies with the interval between doses but 
does not vary with the dose or with the incidence level. Let us assume 
that the ratio of sarcomas to sarcomas plus carcinomas measures the rela- 
tive number of clones of sarcoma cells within the population as a whole, 
and compare this ratio with the factor (1 — 0.55/72) in equation (30). Table 
3 shows a reasonable agreement, considering the uncertainty involved in 
using the frequency of observation of tumor types in histological sections 
as a quantitative measure of the relative number of clones, and the rela- 
tively small number of tumors examined in determining the ratio for 
«7 = 7. Taking into account this uncertainty it would seem that the 
empirical factor (1 — 0.55/i) might be replaced in equation (30) by a 
function representing the frequency of sarcomas within the population. 
Thus the apparent discrepancy with variation of 7 that was found with the 
appropriate model could be explained as an expression of a difference in 
the populations of clones making up the tumors. 

The final composition of the population of clones must be determined 
during the course of the development time; and as we have seen from 
equation (30), some sort of recovery process is indicated. We may picture 
this recovery process as the return toward normal of cells which have been 
affected by ultraviolet light and might otherwise tend to form clones of 
cancer cells. Shortening the interval between doses would decrease the 
time available for recovery, so that the number of tumor clones would be 
increased and the time ¢t, required for the development of the cancer 
correspondingly decreased. Recovery is, presumably, more rapid in the 
epidermal cells from which the carcinomas form than in the dermal cells 
from which the sarcomas originate, so that the proportion of the former 
increases with decrease in interval. 


TABLE 3.—Correction for deviation with interval 





z 


27 } 7 Sa + Ge 25 s 


2 
(:~%f) Dt} Sa S. Di (Sat Ce 





45 . 2 2.93 x 59 
61 7 2. 79 
92 2. 6 . . 95 
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Some evidence to support the idea that recovery is faster in epidermal 
than in dermal cells is provided by the experiments of Kelner and Taft (6) 
which, although (as the authors point out) not altogether satisfactory 
from a statistical standpoint, indicate greater photorecovery in carci- 
nomas than sarcomas. They found that intense ‘‘visible’’ light decreased 
the incidence of the former but had no demonstrable effect on the latter. 
The high intensities, which they had to use in order to induce photo- 
recovery, justify the earlier assumption (/) that photorecovery was a 
negligible factor in the experiments with which the present analysis is 
concerned. As has been shown elsewhere (e.g., 7, 8), photorecovery may 
in some cases enhance recovery processes which go on in the dark but 
at a slower rate. The study of the effects of single doses of ultraviolet 
light on mouse ears (3) indicates that initial hyperplasia is followed by 
quite rapid return toward normal, but beyond this little parallel can be 
drawn at the moment. 


DISCUSSION AND CONCLUSIONS 


In this and the preceding paper (1), a quantitative model has been 
formulated which describes various aspects of data from experiments on 
induction of tumors by ultraviolet light. This model is based on the 
concept of acceleration of growth of clones of replicated units enhanced 
by increase in number of participating clones, as the tumor grows. Ac- 
celeration and addition of clones results from the action of successive 
doses of ultraviolet light, each dose increasing the growth of the 
tumor mass in proportion to the magnitude of the dose. If dosage 
ceases, the clones continue to proliferate at the rate to which they have 
been brought by dosage with ultraviolet light up to that time, without 
the further addition of clones. 

The equations which are used to describe the data have their logical 
basis in this concept of acceleration of growth rate, and the idea will 
be given still firmer support in the following paper (4). But at this time 
it may be emphasized that whether the above logical analysis is correct 
or not, the complete quantitative description that can be given to these 
data permits certain conclusions to be drawn without introducing any 
hypothesis regarding mechanism. Let us, for the time being, treat this 
quantitative description as an entirely empirical one—it was indeed 
arrived at by empiric steps. The conclusions we reach on this basis 
may be outlined as follows: 

A continuous process.—First of all, the curves describing the distribution 
of development time within populations of identically treated mice 
indicate that the process of tumor development is a smooth, continuous 
one. No abrupt point of origin of the tumor can be assigned. The 
development time cannot be separated into periods of induction and 
growth (1), or any other distinct phases. 
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A cumulative process.—The process is cumulative, development being 
slowed by the cessation of dosage with ultraviolet light, but increased 
again with the resumption of dosage. The effect of the radiation is 
cumulative in a quantitatively additive manner. 

An essentially irreversible process.—Evidence of a limited amount of 
recovery from the action of the ultraviolet light, and perhaps of a slight 
additional recovery in the development process itself, has been presented 
in this paper. In addition recovery is indicated by failure of reciprocity 
at low dose-rates (intensities). Nevertheless, the over-all carcinogenic 
processes may be considered as irreversible. If the development process 
is arrested while development is going on at a slow rate, the tumor may 
not appear within the lifetime of the animal, but this does not mean that 
the fundamental process has been reversed. 

An essentially nonthreshold process —Such a cumulative irreversible 
process should be essentially nonthreshold, and the character of the dis- 
tribution of development time bears this out. With higher doses, 100 
percent of the animals develop tumors, and the character and constant 
slope of the incidence curves indicates that this would be true for even the 
lowest dosage if death of the animals from natural causes did not inter- 
vene. The complete description of the data given by the present model 
emphasizes, more firmly than before, the difficulty of demonstrating a 
threshold for any carcinogenic process, or the impossibility of doing so 
in anything other than relative terms relating only to the particular 
species under study. 

In regard to the bearing of these findings on other carcinogenic systems, 
no definite conclusions can be reached. There is some evidence that 
the situation with repeated doses of ultraviolet light is paralleled when 
repeated doses of chemical carcinogens are applied (e.g., 9, 10); but the 
evidence is meager and does not justify definite conclusions. Since there 
seems to be no other carcinogenic system that has been studied completely 
enough to demonstrate the contrary, a tentative generalization to other 
types of carcinogenesis would seem in order until such time as contrary 
evidence is forthcoming. 

In the cumulative process described by our equations, we do not deal 
with the hazard of a single chance event, which should vary in direct 
proportion to the amount of carcinogen applied, but with the fact that 
each successive dose constitutes a greater hazard than the one which 
precedes it. 

With regard to the induction of cancer of the skin of man, by the 
ultraviolet fraction of sunlight (e.g., 11, 12), we may conclude, in accord- 
ance with the present analysis that the cancer process is set off by even a 
small amount of exposure, and that the chance of development of overt 
cancer of the skin increases with the accumulation of successive dosage 
throughout the lifetime of the individual. 
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SUMMARY 


The equations describing the experi- rate of proliferation is accelerated by 
ments on the induction of cancer by repeated doses of ultraviolet light. 
ultraviolet light are examined in terms Accord with this concept is found.—J. 
of the concept that the tumor consists Nat. Cancer Inst. 23: 337-342, 1959. 

of an increasing number of clones whose 


IN THE preceding paper (1) it was shown that a quantitative description 
of the process of cancer induction by ultraviolet light could be given by 


means of equations based on the concept of constant acceleration of the 
proliferation of clones as a result of repeated dosage. A full explanation 
of the relationships found seems to involve a progressive change in the 
number of participating clones. The present paper is an examination of 
the character of the growth curve, in these terms. 


THE SHAPE OF THE GROWTH CURVE 


It has already been pointed out in the preceding paper that cells, and 
hence potential clones, are destroyed by the radiation (e.g., 2). Thus, 
the number of participating clones changes continually throughout the 
development of the tumor and any complete description of its growth 
must take this into account. It was also suggested that new clones may 
be recruited during the course of tumor development, and this, too, must 
affect the growth curve. Let us assume that both these things occur. 
The resulting modification of the accelerated growth curve might be 
described in a general way by 


2 
inv = PE U-A+B)+0 (1) 
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where A represents the removal of clones, B the addition of clones, and 
C is an integration constant. As in the preceding paper, V represents 
volume, ¢ time, D the magnitude of the dose, 7 the interval between doses, 
and k an acceleration coefficient. Equation (1) gives no accurate picture 
of the growth of the tumor since it does not state how A and B vary with 
time; but it does indicate the direction of the change that would be 
brought about by subtraction or addition of clones. 

Let us write for the condition at the end of the development time, ¢,, 
when the measured volume is V4, 


kDti 


In V,—In V.= 2 


(l— A+ B) 


where V, is the “apparent” initial volume. For a fixed number of clones 
A and B become equal to zero. We see by inspection that if clones had 
been subtracted, the apparent initial volume would be greater than that 
estimated for a constant number of clones; if clones had been added the 
apparent initial volume would be less than that estimated for a constant 
number of clones. 

The approximate model described in the preceding paper (1) is based 
on a fixed number of clones, and may be described by 

InV,—InV, a= ED (ti — ti) ‘ (3) 
22 

where V, is the volume at the end of the time ¢, intermediate between 
t, and tg. 

In a corresponding form the more complete model, also described in 
the preceding paper (/), adequately describes the data as follows: 


bkD (ta — t,)? 
21 


InV,—InV, = 


where 6 is a coefficient with a value greater than unity.‘ 

It is clear that (4) predicts a smaller initial volume than (3); at the 
time the first dose of radiation is applied (t; = 0), the equations are 
identical except that (In Vz — In V;) is b times as great for (4) as for (3). 
The approximate model (equation 3) is based on a fixed number of clones, 
and it has to be concluded that, according to the present model (equation 
4), clones are added in the course of development of the tumor, over and 
above those destroyed. We have, then, to think in terms of the addition 
of clones in the course of development of the tumor. 

If the number of clones changes progressively as the tumor grows, we 
cannot refer our measurements to a fixed initial volume consisting of a 
given number of cells at time ¢,, all of which are going to contribute 
clones; but we may think of the accelerated growth rate as starting at 
any moment (¢t,) from a new base volume. This is what seems to be 


4 The value of b varies with the interval between doses, as explained in the preceding paper (/). 
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indicated by equation (4), since acceleration appears always to start 
from the particular point that has been reached at that moment; that is, 
acceleration is measured in terms of the square of the time remaining 
before Vz is reached (t, — ¢,)?, rather than the square of the elapsed time 
from the first dose, ¢j [in the form of the equation used in (3), the cor- 
responding fraction of the square of the elapsed time is (4 — ¢)]. 

It is to be remembered that the present model was based on 


— 2 
Pte — 1)? 9 hy) = tt, (5) 


which was found to describe the data for experiments with discontinued 
dosage [equation (12) in (1)], where ¢, represents the time during which 
the dosage is continued, and ¢, the time required to grow to volume Vz 
after the end of t;. From (4) and (5) may be written 


— 2 
tn V,— In V, = Mets = 8)" _, BD 6) 





The last member of equation (6) represents growth of the tumor at a 
constant rate after dosage stops at the end of ¢. What equation (5) 
demonstrates is a proportionality between the second and third members 
of equation (6), regardless of the first member. That is, after the radiation 
is stopped, the increase in volume, by growth at a constant rate during fs, 
is proportional to the increase in volume that would have been expected 
if the growth rate had continued to be accelerated by radiation dosage 
during the period (t, — #,), and if there were no change in the number of 
participating clones during that time. 

But the proportionality represented in (5) is based on growth to the 
particular volume V4, arbitrarily chosen as the end point for practical 
reasons, which is the basis of all our measurements of the development 
time. Had our measurements been made with respect to another volume, 
we should have to rewrite (6) accordingly 


— 2 
In V;, —_ In V; ae N t,) _ sD itta)e (7) 





where V,, 6,, ¢, and (t,), correspond to V4, 6, tz, and #, in equation (6). 
We have, however, no direct means of knowing the relationship of the one 
set of values to the other, except that there should be a proportionality 
of some kind. The coefficient 6, as used in the preceding paper, is obvi- 
ously a constant only for the special condition for measurements based 
on the volume V,, as described by (6); it is clear that 6, and t, may vary 
coordinatedly with V, without disturbing the proportionality indicated 
by (5). 

To illustrate this, let us refer to text-figure 1 where curve Q is drawn 
from equation (6). The curves ¢, and c, represent growth at a constant 
rate after cessation of the dosage at points g, and g, respectively. Curves 
a, and a, represent accelerated growth from the volumes established at 
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q: and q, without further addition of clones, and curve a; represents 
accelerated growth if dosage had continued throughout t, from a fixed 
number of clones. The expected proportionality between accelerated 
growth and constant growth indicated by (5) is demonstrated in this 
text-figure; but clearly the curve given by the model (curve Q) does not 
represent the course of accelerated growth throughout t,. 


TIME, DAYS 
¢) 200 





V42 | 
q* 8 


-2 


-3 


-5 





LOG VOLUME RELATIVE TO 


-6 


TExt-FicuRE 1.—Growth relationships predicted by equation (6).- Q, curve repre- 
senting growth for continued dosage relative to V2 = 1; c; and c represent growth 
at constant rate after termination of dosage at q; and q2 respectively; a3 and a», 
represent corresponding growth at accelerated rate during the time (t; — ¢) if 
there were no change in number of clones after gq, and q2, respectively; a3 represents 
accelerated growth throughout tg, if the number of clones remained constant. 
Note that all the curves are relative to Vg = 1, and do not represent the true course 
of tumor growth. 


It seems clear that 5 is some function of the elapsed time, but one which 
we cannot describe with the present data, and which we have tacitly 
held constant in our manipulations. To examine the situation more 
explicitly let us rearrange (4) as follows 

— 2 
InV, — Inv, = Pe "4 6 — 1) 
putting in exponential form 


kD(tz — t,)? 
i 1+ 6-0) . 
e-= Vie (9) 


We may interpret this equation to reveal that starting at the end of time ¢, 
from the volume V,, the tumor has grown to volume V, by the acceleration 
of an initial number of clones represented by volume V,, plus the acceler- 
ated growth of an additional number of clones represented by (6 — 1). 


Rearranging (9) 
(6 — kD(ty — t;)? kD(ty —t;)? 
Va = fk - | Vie = (10) 
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where the quantity placed in brackets represents the growth of the added 
group of clones (6 — 1). But the quantity (6 — 1) represents the value 
of a function of time at the particular condition V,, tz, and not the func- 
tion itself. And since the quantity (6 — 1) has been tacitly held constant, 
curve Q in text-figure 1 does not describe the true growth of the tumor. 

The growth curve might be described by replacing (6—1) with the 


function f(t) 
a )2 kD(ty — ty)? 
Va |, he ” (11) 


But this equation describes the growth of the tumor relative to the condi- 
tion V4, tz, and not the growth from an initial volume. 
The latter would seem to be described by 





¢ (t)k Dt? k Dt? 


V=e * Vie*™ (12) 


= 


where V, is a true initial volume representing the clones first concerned 
at time ¢,. For the condition V,, tz (when t,;=t¢,) 


e()=f()=b-1 (13) 
but for any other condition 
o(t) Af(t) #b—-1 (14) 


The existing data would not seem adequate for the determination of 
either function g(t) or f(é). 
Putting (12) in logarithmic form 


D (t)kDt? 
k a 


InV — InV, = (15) 


As used above, the function g(t) includes both the addition and sub- 
traction of clones in the course of development of the tumor, corresponding 
to (B—A) in (1) and (2); the last term in (15) thus representing over-all 
growth of added clones less those subtracted. To separate the added and 
subtracted clones we might rewrite (15) as follows: 


kDt? , &(t)kDt? , F(t)Dt 
ita hi ah 





(16) 


where ®(¢) is a function that describes the addition of clones, and F(t) the 
subtraction of clones. The subtraction of clones is represented as de- 
pendent on the magnitude and interval between the doses, and on a 
function F(t) which relates to the elapsed time and proportionality to the 
volume of the tumor. As seen from (16) it should be expected that the 
number of cells (hence potential clones) subtracted should be characterized 
by an order of ¢ less than that which characterizes the growth of the 
clones that contribute to the tumor. Thus, the subtraction of clones 
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should have decreasing effect on the over-all growth curve, being negligible 
except early in the development of the tumor, and possibly when dosage 
is very high. 

It may be noted that all these forms of the equation, e.g., (4), (15), and 
(16), extrapolate to the same value at time ¢,, that is, the moment the first 
dose of radiation is given. Obviously, neither the addition nor subtrac- 
tion of clones begins until this time. An extrapolation back to this initial 
volume should be justified if the necessary data are available. Such an 
extrapolation will be attempted in the following paper (3). 

Although the existing data do not seem adequate to describe completely 
the growth curve of these tumors, it is seen that the equations which were 
found in the preceding paper accurately to describe these data are in accord 
with the concept that the tumor consists of a progressively increasing 
number of clones, the proliferation of which undergoes constant accelera- 
tion. A possible mechanism to explain this process will be suggested in 
the following paper. 
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SUMMARY 


Application of the quantitative model 
for carcinogenesis by ultraviolet light, 
which was developed in earlier papers, 
together with the use of additional 


turns out to be much smaller than a 
tumor cell (~ 10-"-5mm.*), which in- 
dicates that the basic replicated unit 
governing the growth of these tumors 


data, permits the acceleration coeffi- 
cient to be estimated. With this 
datum it is possible to calculate an 
initial volume for these tumors. This 


is of subcellular dimensions. Various 
implications of this finding are dis- 
cussed.—J. Nat. Cancer Inst. 23: 
343-350, 1959 


IN PRECEDING papers (1-3) a model has been developed which fits 


the data for carcinogenesis by ultraviolet light. This model is based on 
the concept of accelerated replication of units that make up the cancer. 
Thus far the model does not specify the nature of the replicated unit, 
though it would be expected a priori that this is the cancer cell itself. The 
model permits extrapolation back to a volume at the moment the first 
dose of radiation is applied, provided certain appropriate data are avail- 
able. Such extrapolation is made in this paper; where it will be seen 
to point to an initial volume much smaller than a single cell.’ The basis 
for this extrapolation is less firm, perhaps, than for the model itself, and 
it may be well to point out, therefore, that whatever the meaning of this 
extrapolation, and of the speculation it engenders, the conclusions reached 
in earlier papers (2, 3) are not affected. 

At the end of the last paper it was shown that various forms of the 
equation, on which the model is based, extrapolate to the same initial 
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value, so that we may choose the simplest for the present purpose [equa- 
tion 16, in (2)]: 


bkD ti 


In V,—In V-= oH (1) 





where V, is the terminal volume (60 mm.*) and V, the initial volume to 
which we will attempt to extrapolate, In indicating the natural logarithm, 
D is the magnitude of the individual dose, and i the interval at which 
these doses are repeated until a tumor of volume V, appears at the end 
of the time ¢,; & is an acceleration coefficient, and 6 a coefficient which 
relates to the number of clones of replicating units concerned. In the 
course of the preceding papers (1-3) it has been shown that values may 
be assigned to all the terms in this equation with the exception of k and 
V.. Thus, if a value for k may be supplied, an estimate of the initial 
volume V, may be made. We will be concerned first with an estimate of 
the acceleration coefficient k. 


ESTIMATION OF THE ACCELERATION OF COEFFICENT, k 


According to our model there are two distinct aspects of the growth 
of these tumors: acceleration of the proliferation of clones, and addition 
of new clones as the tumor develops, the proliferation of which is also 
accelerated. The coefficient k in equation (1) is concerned with accelera- 
tion, the coefficient 6 with the addition of clones. It is necessary to 
distinguish clearly between these two aspects of growth. Let us, by way 
of analogy, imagine an isolated clone proliferating from a single cell at a 
constant rate; the rate of growth will always be proportional to the num- 
ber of cells present at any given instant, and may be referred to as the 
relative growth rate. If from time to time we add new cells of the same 
kind, from the outside, these will proliferate at the same rate to produce 
additional clones; that is, the relative growth rate will not be changed by 
the addition of new clones, but the absolute growth rate will be increased 
in proportion to the rate of addition of new clones. This is the sort of 
picture of tumor growth that our model gives us, except that in this case 
the relative growth rate of all the clones, original or added, is constantly 
accelerated. The absolute growth rate is thus determined by both the 
acceleration and the addition of clones. In the present section we are 
concerned with the estimation of the acceleration coefficient k and may, 
for the time being, neglect coefficient 6 which is concerned with the addi- 
tion of clones. 

In the previous papers (1, 2) it was shown that the relationship indicated 
in (1) holds only up to a certain dose, which has been designated D,,; 
above this, increase in dose does not decrease the time to tumor appear- 
ance, that is tz attains a constant value which we will describe by (tz) m. 
The distribution of the logarithm of ¢,, within a population of mice 
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receiving the same dosage, is normal, and the variance of this distribution 
is independent of dose or interval between doses; that is, if the logarithm 
of tg is plotted against the incidence level of tumors, the slope of the curve 
remains the same if dose or interval are changed, so long as these factors 
are kept constant for a given experiment (1, 2). The slope of the curve, 
which should reflect the distribution of the effectiveness of D within the 
population, remains the same for values of D above D,,. Thus the 
failure of (1) above D,, may be rationalized if it is assumed that the 
carcinogenic effectiveness of the ultraviolet radiation reaches a limit at 
D,, and remains constant with further increase in D. If the carcinogenic 
effectiveness resides in the acceleration of the relative growth rate, its 
upper limit should correspond to an upper limit of relative growth rate 
which cannot be exceeded. 

The value of D,, is different when the experiments are carried out at 
different intervals between doses, the following relationship being found 
for a given incidence level 


) 
wolfe = (a constant), @) 


the constant having a different value for each level (symbolized by p). 
According to the model the instantaneous relative growth rate should be 
described by 

dV kDt 

Vai 8) 


the coefficient 6, which has to do with the addition of clones, being neg- 
lected since it does not affect the relative growth rate. 

Comparing (2) and (3) we see for the condition D,, (ta)m that the 
relative growth rate appears to have a constant value for a given incidence 
level. We may express this by 

dV kimDm (ta) m - 

Vdt ty _ ~— — 7 Kn (4) 
where the first member represents the relative growth rate at the end of 
ta, and K,, is a constant. 

The idea that the maximum limit for carcinogenesis is set by a maximum 
limit of relative growth rate is a reasonable one, because the latter must 
be limited by physiological factors of one kind or another, which limit 
the rate at which cells can be replicated. 

More factual support may be derived from the experimental data: 
It was shown in a preceding paper (2) that a small correction of (1) is 
necessary to account for an observed discrepancy in the variation of t, 
with interval between doses. The correction is made by letting 





-*) 
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where c is a constant. It was shown that this correction is paralleled 
quantitatively by a variation of tumor types with interval between doses. 
That is to say, this variation appears to be concerned with the number 
and composition of the clones from which the tumor is formed, and hence 
to be related to absolute rather than relative growth rate. The variation 
with 7 which is represented in (5) does not appear in the empirical relation- 
ship (2) as it should if the maximum of carcinogenic effectiveness were 
set by the absolute rate. 

The empirical relationship on which the above argument is based (2) 
indicates constancy for only a given incidence level; but this variation is 
to be sought in the value of & rather than K,,. According to the model 
k varies inversely with tz. We may describe the variation of the latter by 


te = i= (9) 
da 


where i, is the value of tz at the 50 percent incidence level. And from 
the model [equations (24) to (28) in (2)], the variation of k should be 
described by 


k= (10) 
ta 


where & is the value of k at the 50 percent incidence level. Substituting 


in (4) we obtain 
Rone 
(Fi), 


dV\ _kDm(ta)m _ 
(va), = 7 me Ke (12) 


(11) 


and canceling out 


We see that K,, should be constant for all levels, as is consistent with the 
idea that the maximum limit of carcinogenic effectiveness is set by the 
maximum realizable relative growth rate. 

May we make an estimate of K,,? Measurements of the growth rate 
of a number of these tumors induced with doses close to D,, have been 
made. These were based on estimation of change in tumor volume by 
measurement of three diameters (5), at the time V, was reached and dosage 
ended, and again 7 days later. Assuming that growth rate was constant 
during this period (dosage having ceased) we may apply 


InV,, — InVg = K’ (tm — ta) (13) 


where V,, is the volume reached at ¢,, and K’ measures the growth rate 
during the interval (t,, — tz). We see from the differential form of (13) 


dV 


Va = *’ (14) 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 














SIZE OF REPLICATED UNIT 347 


that K’ should represent the instantaneous growth rate at the time V, is 
reached, in which case 


K, = K’. (15) 


Measurements of 22 tumors induced with doses close to D, yield the 
mean value 0.106 for K’. This corresponds to a doubling of the volume 
every 6.5 days. Measurements on a much larger number of tumors in- 
duced with the same dose, but in which dosage had been stopped somewhat 
short of tg, gave values in reasonably good agreement with the above, 
though obviously not directly comparable. The variance of the measure- 
ments of K’ is high; the standard deviation for the 22 tumors being 0.48. 
This variance is to be accounted for in part by inherent inaccuracy of the 
measurements, but is no doubt contributed to by variance in the number 
of clones making up the tumors. This does not affect the relative growth 
rate directly, but does affect tz and hence the number of doses given. 

Substituting in (12), the above value of K’, the values 155 for tz, 2.0 for 
D,,, and 1.4 for i (the values obtaining in this expt.) we obtain for & the 
value 4.8 X 10-*. This value we may now use in the estimation of the 
initial volume V,. 


ESTIMATION OF THE INITIAL VOLUME PV, 


In order to calculate V, we may introduce appropriate values for the 
terms in equation (1). Choosing a representative experiment, these 
values are as follows for the 50 percent incidence level: 


V, = 60 mm’, 6 = 4.0, k = 4.8 X 10-4, i = 1.4, D = 2.0, and 





tg = 155 days. 
Thus 
_ 4.0 X 4.8 X 10-4 X 2.0 X (155)? 
In 60 —InV, = 2X14 (16) 
and 
InV, = 4.1 — 32.9 = —28.8 (17) 
in terms of common logarithms 
log V.= = = —12.5 (18) 


from which we obtain the value ~ 10-”-* mm. for V,.° 

This calculation, if it may be accepted, has unexpected consequences, 
since the value obtained for V, is very much smaller than the volume of a 
single cancer cell, which may be estimated as about 10-* mm.*_ Before 
discussing the possible significance of this, let us consider the validity of 









* This estimate is about one order of magnitude larger than the rougher one made earlier (4). 


VOL. 28, NO. 3, SEPTEMBER 1959 





348 BLUM 


the value we have obtained for V,, which is obviously very sensitive to 
inaccuracy of any of the values used in its estimation—an error of 10 per- 
cent in any of these would make a difference of more than an order of 
magnitude in the estimate of V,. But the difference between the esti- 
mated value of V, and the volume of a single cell is a matter of 6.5 magni- 
tudes; and we would have to assume an accumulation of errors all in one 
direction to account for this discrepancy. The most uncertain value used 
in the estimate is, of course, the acceleration coefficient k; but it seems 
hardly possible that this could be enough off to account for the apparent 
discrepancy. To increase our estimate of V, to the volume of a cell would 
require that & have a value about one half that which we have assigned. 
The measure of terminal growth rate, which corresponds to a doubling in 
volume of the tumor in 6.5 days, on the average, can hardly be off by that 
amount. The value of & is based on the assumption that the relative 
growth rate at the time of the first dose is zero, which must be close to 
reality, since the volume of the normal tissues is practically constant at 
that time. Assuming our terminal growth-rate measurement to be cor- 
rect, the normal tissues would have to be doubling their volume about 
every 13 days to reduce the value of & to one half. This seems most 
unlikely. 

It is conceivable that & is not constant, but varies systematically during 
the development of the tumor; this is almost certainly true, since the 
corneum thickens with repeated doses of radiation, and hence reduces the 
fraction of D transmitted to the viable tissues (6). But this effect, and 
any other factors that are easily imagined, would tend to decrease the 
value of k estimated from the terminal growth rate, and hence to cor- 
respond to a lower value of V, than we have calculated. 


DISCUSSION 


The estimation of the initial volume V, is certainly more tenuous 
than the model upon which it is based. But nevertheless it is difficult 
to explain this small volume in any way other than that a replicated unit 
smaller than the cell governs the growth of these tumors. Moreover, 
as one reflects upon the matter, the existence of such a unit becomes the 
more probable. In any event, a consideration of the implications of this 
idea should have heuristic value. 

If we think of the estimated volume of V, in terms of molecular dimen- 
sions, we find that it corresponds to about 3 10° molecules of water, 
or around 10* to 10° nucleotide molecules. But any replicated material 
could only occupy a small fraction of the total cell volume at any time, 
so the true volume of the replicated unit must be less than V,; assuming 
the volume of this replicated material to occupy one-thousandth part 
of the final tumor volume Vz, we have to reduce our estimate to the order 
of a hundred nucleotide molecules. This is a relatively small volume in 
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terms of what we know of fundamental replicating units in biological 
systems—it would represent a rather small DNA molecule—but is not 
too unreasonable. 

But let us analyze the situation a little further. What are the prop- 
erties of the replicated unit that we are proposing? The units must be 
something that determine the rate of replication of the cell mass as a 
whole and which accumulate as the tumor grows. This role would be 
most likely fulfilled by an enzyme or enzymes; but there would have to 
be some function relating the quantity of enzyme to the growth rate of 
the cell. We should think of V, not as a true initial volume but as some 
function of that volume; in this case a larger volume could not be assigned 
to the basic replicated unit, but it must clearly be of subcellular dimen- 
sions. Since modern ideas of the replication of enzymes regard these 
substances as in some way molded on nucleic acid templates, we 
might assume that the basic replicated unit—which accumulates in some 
way to transform a normal tissue cell into a cancer cell—is a species of 
nucleic acid molecule, or perhaps a fraction of one. This would accord 
with current ideas of biochemical genetics, which associate inheritance 
with nucleic acids; and it must be remembered that the difference between 
a cancer cell and a normal cell is an inherited one. The idea that the 
basic replicated particle is a nucleic acid brings analogy with a virus; 
but the kinetics represented by our model are difficult to rationalize with 
the kinetics of virus action. The implication of non-virus nucleic acid 
in the genesis of tumors is suggested by a number of recent studies 
(e.g., 7-9). 

The cumulative nature of carcinogenesis by ultraviolet light (2, 3) 
suggests that whatever the basic replicated unit the cells of these cancers 
differ from the normal tissue cells in only a quantitative sense; and that 
the change from the one to the other must involve the accumulation 
within the cancer cell of some basic replicated pattern material. It 
seems reasonable to think that the normal cell contains a small modicum 
of this material which increases with repeated doses of radiation until 
we recognize a tumor composed of cells with an inherently faster rate 
of proliferation than their normal forbears. 

The concept of a basic replicated unit smaller than the cell, which 
governs the growth of tumors, evokes many ideas which cannot be 
evaluated critically in brief space. Some of these will be discussed at 
greater length in a more extended publication (10). 
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Inhibition and Enhancement Effects of Hypo- 
chlorite on Ascites Tumor Cell Metabolism 
and Growth, and on Host Resistance ' 


JOHN LASZLO,? DEAN BURK, and KENT WIGHT,® 
Cytochemistry Section, Laboratory of Biochemistry, 
National Cancer Institute,‘ Bethesda, Maryland 


SUMMARY 


Hypochlorite (500 ppm) inhibited the 
respiration and glycolysis of Krebs-2 
carcinoma mouse ascites cells over 90 
percent and rendered the cells totally 
nonviable in inoculation tests. Hypo- 
chlorite gave much less inhibition of 
the metabolism of Krebs-2 carcinoma 
slices, and even increased the oxygen 
consumption of normal liver slices. A 
single optimal, intraperitoneal injec- 
tion of inorganic sodium hypochlorite 
solution (Clorox) or of “‘organic”’ hypo- 
chlorite (Clorpactin XCB) gave greater 
than a 100 percent increase in the 
median survival time of mice that had 
been inoculated previously with Krebs-2 
ascites cells. The effect was optimal 
when approximately 2 mg. of hypo- 
chlorite in 0.5 cc. of water was admin- 
istered 15 minutes post inoculation, 
and diminished to about a 25 percent 
increase in median survival time when 
given 24 hours post inoculation. Su- 
praoptimal doses of hypochlorite en- 
hanced the rate and dissemination of 


tumor growth, as did repeated daily 
administration. Host pretreatment 
with hypochlorite, given intraperitone- 
ally or subcutaneously, similarly en- 
hanced the growth and virulence of 
the tumor cells. The enhancement of 
tumor growth was not specific for hypo- 
chlorite but was also observed upon 
pretreatment by either formalin, meth- 
otrexate, total-body irradiation, or 
host temperature stress for 24 hours at 
37° C. Hydrocortisone or prednisolone 
pretreatments did not enhance but re- 
tarded tumor growth. Moreover, the 
effects observed with Krebs-2 ascites 
were also noted with lymphoid leukemia 
neoplasm P388 that had arisen in DBA 
mice and had been carried in ascites 
form in (BALB/cXDBA/2)F, hybrids. 
The mechanism of tumor growth en- 
hancement produced by a variety of 
chemical and physiological agents thus 
appears to involve more than mere loss 
of immune response.—J. Nat. Cancer 
Inst. 23: 351-365, 1959. 


HYPOCHLORITE SOLUTIONS have had a long and distinguished 
history in the treatment of wound sepsis and in public sanitation. 


' Received for publication February 4, 1959. 
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collaborators were George Hobby and Jehu Hunter; irradiation of mice was performed by Henry Meyer; and 
Lymphoid neoplasm P388 was supplied by Michael Potter (1). 

‘National Institutes of Health, Public Health Service, U.S. Department of Health, Education, and Welfare. 
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the pioneer work of Labarraque, before the time of Pasteur, and that of 
Carrel and Dakin a century later, hypochlorite has been used in a variety 
of preparations to disinfect and to debride wounds, and, more recently, in 
hemostasis and clot formation. With the advent of antibiotics, clinical 
use of these agents has received less attention, though they are widely 
used commercially as disinfectants and cleansers. Hypochlorite solu- 
tions kill bacteria, viruses, and fungi on contact, presumably in part by 
oxychlorination of enzymes and protoplasm. Newer chemical processing 
methods have greatly improved the purity and stability of commercial 
preparations of hypochlorite, such as Clorox and Zonite. 

The present studies were first undertaken to investigate the metabolic 
effects of sodium hypochlorite (NaOCl) on Krebs-2 ascites carcinoma 
cells. After it was found that this chemical markedly inhibited cancer 
cell metabolism in vitro, the studies were extended to the effects of hypo- 
chlorite in vivo. Comparative experiments were then carried out with a 
proprietary organic hypochlorite, Clorpactin XCB, which had previously 
been found to render ascites cells nonviable in vitro and on this basis were 
recommended as an adjunct in human cancer surgery (2). We have 
found both forms of OCI- agents to be valuable tools in delineating some 
new problems and principles of cancer chemotherapy that may well be 
applicable, positively or negatively, in the treatment of human cancer. 


MATERIALS AND METHODS 


Chemicals.—Inorganic hypochlorite was used in the form of a commer- 
cial Clorox solution, which contains 5.25 percent NaOCl lightly buffered 
at about pH 10. Varying amounts of undiluted Clorox were added to 
cell suspensions in vitro, or diluted 5- to 50-fold with distilled water for 
parenteral injection into mice. Clorox solutions are stable when stored 
in the dark. Clorpactin XCB is a commercial powder of incompletely 
specified chemical composition manufactured by the Guardian Chemical 
Company, Long Island, New York. Clorpactin XCB is said to be an 
organic derivative of hypochlorite and to contain a wetting agent, and 
is reported to contain 7.25 percent OCI-, which is presumably its active 
ingredient. It has a pH of about 5.5 when made up in a water solution, 
is slightly turbid, and has detergent properties. For animal experi- 
mentation, an 0.5 to 4.0 percent solution of Clorpactin was employed. 

Metabolic measurements.—Aerobic and anaerobic glycolysis and respi- 
ration of Krebs-2 carcinoma ascites cells were measured after suspending 
the ascites cells withdrawn from the mouse in 5 to 10 volumes of inorganic 
Krebs-Ringer-phosphate medium which contained 0.2 to 0.3 percent 
glucose and 0.2 to 0.3 percent sodium bicarbonate. Certain experiments 
were also carried out with ascitic fluid (serum) in place of Krebs-Ringer- 
phosphate solution. Anaerobic glycolysis was determined by standard 
Warburg manometry, in an atmosphere of 5 percent CO, in nitrogen gas. 
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Aerobic glycolysis was measured either approximately in ordinary War- 
burg vessels with 5 percent CO, in air as the gas phase, or more exactly, 
along with respiration, by means of Summerson differential manometry 
(3), a procedure that allows measurement of both aerobic metabolic 
processes in the same flask. One to 3 cc. of diluted cell suspension was 
used per vessel and hypochlorite was added to the experimental vessels, 
either directly or by tipping in from the sidearm. Distilled water (or 
ascites serum) was added to the controls to maintain constant fluid 
volume in the experimental flasks. Manometric measurements were made 
for as long as 5 to 6 hours, even though the initial effects of hypochlorite 
was usually immediate (minutes). When results were calculated on a 
standard “‘Q” basis of mm.*-change per mg. of dry weight per hour, dry 
weights were determined directly on nonbloody material and indirectly 
from cell counts on bloody ascitic fluid preparations (4 million cells = 1 
mg. dry weight). Metabolic results were graphed as percentage inhi- 
bition of control values. Metabolic studies in vitro were carried out not 
only with ascites suspensions treated with Clorox directly, but also after 
prior intraperitoneal injection of Clorox into mice bearing ascites. One- 
cc. amounts of ascites were removed through a #22-gauge needle for 
manometric analysis before and at intervals after such treatment. Com- 
parative results were calculated in the various samples withdrawn before 
and after injection, after due allowance for differences in cell number. 

Animal studies—Clorox and Clorpactin were injected into 2- to 6- 
month-old BALB/c X DBA/2 female mice bearing K-2 ascites. In anti- 
tumor studies the chemical, in 0.5 cc. of distilled water, was injected 
intraperitoneally. Different times of injection were studied in relation 
to the implantation of Krebs-2 ascites, and single doses were compared 
with repeated daily treatments. Pretreatment of the animal was also 
studied by giving the hypochlorite 24 hours before challenge with tumor 
inoculation. In various experiments, Krebs-2 ascites was transplanted 
from donor animals, with inoculations ranging from 0.025 to 0.2 ce. 
In certain experiments ascites cell suspensions were diluted with Krebs- 
Ringer-phosphate medium prior to inoculation. 

Chemical pretreatment of the animal was also carried out by giving 
groups of animals either Clorox, Clorpactin, formalin solution, metho- 
trexate, hydrocortisone, or prednisolone, subcutaneously, 24 hours prior 
to tumor inoculation. The effects of pretreatment of the host with 
temperature stress (at 37°C. in a constant temperature incubator for 
24 hours) and of total-body irradiation, which was given as 300 r to 
mice in Lucite containers, were also studied. 

Survival data are expressed as median survival time (MST) and 
maximal survival time. Initial rate of tumor growth was also observed 
from the date of cell inoculation to the first visible abdominal swelling. 
These measurements were further checked with determinations of total 
ascites cell number or (centrifuge-packed) volume, evaluated by killing 
all animals on a given day, collecting all th» ascitic fluid, with rinsing the 
peritoneal cavity with 2 cc. of saline, and measuring total tumor-cell 
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volume after centrifugation. ‘Total cell counts were made either on all 
samples or as spot checks on cell volume determinations. 


RESULTS 


Metabolic Studies In Vitro 


Sodium hypochlorite inhibited extensively the over-all metabolism of 
Krebs-2 ascites cells. Metabolic functions of aerobic and anaerobic 
glycolysis and respiration were about equally impaired by hypochlorite 
(text-fig. 1). It may be noted that 0.42 to 0.66 mg. OCI-, as Clorox, 
inhibited glycolysis and respiration of 1 cc. of K-2 ascites cells about 
95 percent. Inhibition was noted immediately after tipping in hypo- 
chlorite from the sidearms of the vessel, and persisted for the 3 to 6 hours’ 
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TEXT-FIGURE 1.—Metabolic inhibition of Krebs-2 ascites by Clorox. 


duration of the experiments. Metabolic inhibition, once achieved, 
remained constant or progressed slightly and showed no tendency to 
recover with time in vitro. Prompt, marked, and lasting metabolic 
inhibitions were invariably found in each of some 20 such experiments 
with K-2 ascites cells. Cells preincubated for 1 hour with hypochlorite 
(1 part Clorox to 50 parts undiluted ascites cells and fluid) were rendered 
nontransplantable and morphologically nonviable. Similar studies with 
L1210 ascites cells have shown that these are as profoundly affected as 
Krebs-2 ascites cells and are rendered nontransplantable after 1-hour incu- 
bation with 1 part Clorox to 50 parts undiluted ascites suspension. 
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Metabolic experiments with Clorpactin XCB have yielded results 
similar to those obtained with Clorox. Three separate experiments in 
vitro have shown that Clorox and Clorpactin have a metabolism-inhibition 
equivalence close to 1:1 when calculated on an OCI basis. 

Numerous studies have also been made on the metabolic effect of 
Clorox administration in vivo. Prompt, marked, and permanent metabolic 
inhibition was observed in vitro with cells that had been removed from 
mice bearing advanced K-2 ascites tumor cells a few minutes after they 
had been given an intraperitoneal injection of 0.5 cc. of undiluted Clorox. 
Some tendency toward recovery in vivo was noted at times with cells 
removed 3 to 5 hours after injection when less than maximally tolerated 
dosages of Clorox were employed. In mice with advanced ascites, doses 
much above 0.5 cc. (0.8-1.0 cc.) were usually lethal. The lethal dose of 
Clorox is a direct function of the volume of ascites. 

Metabolic studies were also carried out on slices of K-2 solid carcinoma, 
a transplantable tumor carried in the thigh of mice. In an experiment 
with K-2 slices, under conditions similar to those used in the ascites cell 
experiments, a 25 percent inhibition of anaerobic glycolysis was noted 
with doses twice as high as those required for 95 percent inhibition with 
the ascites form of this tumor. 

In a study performed on normal liver slices, in which respiration was 
used as an indicator of metabolic activity, no inhibition was found with 
doses carried as high as twice those required to cause 95 percent inhibition 
in ascites cells. Indeed, the oxygen consumption was increased rather 
than decreased; whether carbon dioxide production was also increased 
was not ascertained, so the increased oxygen consumption may have 
corresponded to no normal physiological function. That hypochlorite did 
not decrease the respiration of normal liver slices is in harmony with 
the older observations that living tissues are resistant to damage by 
dilute hypochlorite. 


Studies In Vivo 


Hypochlorite was tested for its ability to inhibit Krebs-2 ascites in vivo 
as reflected by host survival times. Prolongation of life could be achieved 
reproducibly in mice appropriately treated with Clorox; the degree of 
response was dependent on the (1) relationship of time of treatment to 
time of tumor inoculation, (2) dose of hypochlorite, and (3) quantity and 
vitality of the inoculation. Text-figure 2 gives results of an experiment 
on intraperitoneal Clorox administration at various times after tumor 
inoculation. In this experiment the optimal time of Clorox administration 
was 15 minutes after the mice had been inoculated with 0.1 cc. of Krebs-2 
ascites. A single dose of 2 mg. of OCI (as Clorox taken up to 0.5 cc. 
in distilled water) gave a 110 percent increase in median survival time 
compared with that of untreated controls. This antitumor effect dimin- 
ished as the time between tumor inoculation and drug administration was 
increased—a 24 percent prolongation of survival time still was demon- 
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strable even at 24 hours post inoculation. Subsequent experiments have 
shown prolongation of survival time when Clorox was administered as 
late as 48 hours after inoculation, and even after 72 hours in some 
instances. It is interesting that, in the experiment in text-figure 2, no 
beneficial effect was found when Clorox was given seconds after ascites 
implantation. This phenomenon has been noted in other experiments, 
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CLOROX TREATMENT-HOURS AFTER K-2 INOCULATION 


TEXT-FIGURE 2.—Effect of a single dose of Clorox given at intervals after Krebs-2 
ascites inoculation. 


although in one particular experiment, when Clorox was given immedi- 
ately after tumor inoculation, the same beneficial effect was obtained as 
after 15 minutes’ delay. In another portion of this experiment, not 
detailed here, it was found that daily treatment with 2 mg. OCI” 
(Clorox) gave a shorter survival time and developed ascites more rapidly 
than a single treatment, in spite of the fact that the animals did not die 
of Clorox toxicity. 
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Text-figure 3 shows the results of a dose-response experiment in which 
single, graded, intraperitoneal doses of diluted Clorox were given to 
Krebs-2 ascites cells 15 minutes after their inoculation into mice. In 
this study the optimum dose was 2.6 mg. OCIl-. This dose gave an 
increase in median survival time of 150 percent as compared with that 
of the controls. At the highest dose used (3.3 mg. OCI~) the mice 
died sooner than at the 2.6 mg. dose, but the deaths were not attributable 
to Clorox toxicity. 
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TextT-FIGURE 3.—Effect of varied Clorox dosage on Krebs-2 ascites in vivo. 


Repetitive experiments on the effects of Clorox on the survival time of 
K-2 ascites-bearing mice have varied in regard to maximum effect, the 
dose required to achieve this effect, and the detrimental effect of multiple 
doses. In order to elucidate some of the factors operating in our system 
that might account for these variations, we compared the effect of pre- 
treating the animals with Clorox to that of treating them after tumor 
inoculation, at three levels of tumor inoculum. The same amount of 
Clorox was used in each instance for pretreatment and posttreatment. 
The results are summarized in text-figure 4. There was no notable 
difference in survival time in control groups (5 mice each) given 0.2 or 
0.1 ec. of inoculum, but in the group given 0.05 cc. there was a significant 
prolongation of median survival time and maximum survival time. Single 
posttreatment with Clorox 15 minutes after ascites inoculation gave 
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notable increases in median survival time in the posttreatment groups 
that had received 0.2 and 0.1 cc. inoculum but no significant effect at 
the 0.05 cc. inoculum level. It should be borne in mind that maximum 
survival time suffers the disadvantage of being based upon the fate of 
the 1 last surviving mouse. 
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TEXtT-FIGURE 4.—Clorox versus Krebs-2 ascites. Five mice per group. 


Furthermore, pretreatment with Clorox shortened survival time in all 
groups, and was particularly deleterious in the 0.05 cc. inoculum group. 
Pretreated animals developed ascites more rapidly, and died with a more 
fulminating course, than did the control groups. The amount of Clorox 
used was not lethal to non-tumor-bearing animals, and there were no 
early drug deaths such as seen with higher doses of Clorox. In this 
experiment it was again found that daily doses of Clorox were not as 
beneficial as a single treatment. 

Figure 1 shows dorsal and ventral views of a control mouse (A) and 
of a pretreated mouse (B) that had been pretreated subcutaneously with 
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a standard dose of 0.06 mg. Clorox in 0.5 cc. of water 24 hours before 
inoculation of the tumor. Both animals were killed and photographed 
on the 8th day after tumor inoculation. The pretreated animal shows 
a greatly increased ascites formation, which was further confirmed by 
analysis for total cell count and total fluid volume. 

Comparative survival time studies of Clorpactin and Clorox were made. 
In these experiments the effect of Clorpactin was similar to that of Clorox 
but somewhat more effective, on an OCI~ basis, in some of the experi- 
ments (text-fig. 5). It was easier to demonstrate a dosage optimum for 
Clorpactin than for Clorox, since the latter had a narrower therapeutic 
ratio and it was necessary to work closer to the toxic level. This experi- 
ment demonstrated the deleterious effect of supraoptimal doses of Clor- 
pactin. There were occasional toxic deaths at the highest doses and these 
were excluded from the study in order to evaluate drug effect on tumor 
growth at all dosage levels. Mice were able to tolerate higher doses of 
Clorox and Clorpactin at 24 hours than at 15 minutes after ascites inocu- 
lation, and the amount of drug necessary for an optimal effect was greater 
in the former. Although the maximum antitumor effect of these agents 
was similar, one-tenth unit of OCIl- from Clorpactin was equivalent to 1 
unit of OCI- from Clorox in achieving a given effect. In another experi- 
ment the effectiveness of Clorpactin, as calculated on an OCI~ basis, was 
only 3 times that of Clorox. (On a financial basis, however, it would cost 
approximately 1,000 times as much to use Clorpactin as Clorox to achieve 
a given effect on an OCI- basis.) 
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TEXT-FIGURE 5.—Effect of single doses of Clorpactin and Clorox on Krebs-2 ascites 
in vivo. 
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EFFECTS OF HYPOCHLORITE ON ASCITES TUMOR CELLS 361 


Studies on the effects of pretreating mice with toxic chemical agents 
and with physiological stress were carried out by pretreating mice 24 
hours before the inoculation of ascites cells. It was found that pretreating 
mice with Clorpactin, formalin, and heat stress enhanced the growth 
of Krebs-2 ascites cells, just as has already been noted with Clorox. 
When the mice were killed 9 days after ascites inoculation, the group 
pretreated with Clorpactin had an average of 49 percent more ascites 
cells than the control group; formalin pretreatment produced 72 percent 
more; and heat stress at 37° C. gave 82 percent more cells than the 
control group. Furthermore, there was no overlapping between the 
control and experimental groups. Prednisolone, a long-acting corti- 
costeroid, did not enhance the growth of ascites cells. 

In a similar study the combined effects of pretreatment with chemical 
and physiological stress on irradiated and nonirradiated mice inoculated 
with Krebs-2 ascites were tested. One half of the mice received 300 r 
total-body irradiation 48 hours prior to inoculation. Twenty-four hours 
prior to inoculation with 0.1 cc. Krebs-2 ascites cells (4 million), the 
groups were pretreated as shown in table 1. Six days after intraperitoneal 
implantation, the mice were killed, the ascitic fluid harvested, and the 
peritoneal cavity washed with 2 cc. of saline. Enhanced growth of 
ascites cells was found in the nonirradiated mice pretreated with heat 
stress, formalin, Clorpactin, and methotrexate. In contrast to previous 
experiments, no enhancement was noted with Clorox under the particular 
conditions of this experiment. Enhancement by Clorox is possibly less 
regularly obtainable than with certain other enhancing agents. Hydro- 
cortisone appeared to inhibit, rather than enhance, ascites cell formation. 
The irradiated control group showed enhanced cell formation when 
compared with nonirradiated controls. However, no further significant 
enhancement was found in irradiated animals further pretreated, with 
the exception of a small additional effect with Clorpactin. Hydrocorti- 
sone inhibited cell formation by 36 percent. 

In an attempt to approach an isologous system, a similar study was 
performed with the lymphoid neoplasm P388 (1). This tumor originated 
in DBA mice and has been serially passed in ascitic form in (BALB/ 
ec X DBA/2)F; hybrids. When 1 million cells were used as the inoculat- 
ing dose, growth enhancement of the ascites cells was noted upon pre- 
treatment with formalin, Clorpactin, irradiation, or temperature stress 
(table 2). Hydrocortisone was again inhibitory. When 10 million cells 
were given as the inoculating dose, no growth enhancement was observed, 
and inhibition by cortisone was more marked than previously. 


DISCUSSION 


Hypochlorite, either as inorganic NaOCl in Clorox or as organically 
bound in Clorpactin, has marked inhibitory effects on vital metabolic 
functions of Krebs-2 carcinoma ascites cells. Cell suspensions treated 
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with inhibitory amounts of these agents could not be transplanted to 
mice, in contrast to 100 percent takes with untreated control cells. Me- 
tabolism of tissue slices from the Krebs-2 carcinoma in solid form was 
inhibited to a much smaller degree, and respiration of normal liver slices 
was not inhibited. Thus it seems that hypochlorite can kill suspensions 
of single cells but has relatively little effect on the same cell type when 
it is growing in aggregate form as in a solid tumor. Hypochlorite also 
has no inhibitory metabolic effect on intact organs such as liver, at the 
doses tested. These metabolic properties of hypochlorite have been used 
as a guide in the treatment of mice bearing the Krebs-2 ascites tumors. 
It was possible to increase the median survival time of mice treated 
in vivo with a single dose of Clorox (2.6 mg OCI-) by a maximum of 150 
percent. Similar maximal effects of this order were found with Clor- 
pactin. These beneficial results seem attributable to the cytotoxic effect 
on single cells and single cell suspensions. Clorpactin and Clorox in vitro 


TABLE 2.—-Effect of 24-hour pretreatment of normal mice on the growth of lymphoid 
neoplasm P388* 





Inoculum 


1 Million Cells 10 Million Cells 





Treatment 





Ascites cells Percent Ascjtes cells Percent 





(mm...) change (mm.) change 

Controls 257 — 1040 _- 
Formalin 417 +63 1090 +5 
Clorpactin 420 +63 1100 +6 
Irradiation 400 +56 950 -—9 
Hydrocortisone 210 —18 375 — 64 
Heat stress (24 hrs. at 37° C.) 417 +63 —_— 

Irradiation (X ray) plus heat 403 +56 —_ 





*Each figure represents an average of determinations on 4mice. Dosage of pretreatment modalities as in table |. 
Mice were killed on 7th day after intraperitoneal inoculation of 0.1 cc. tumor cell suspension. 


gave a comparable effect when identical amounts of OCl~ were used. Jn 
vivo, the Clorpactin seemed somewhat more efficient on an OCI~ basis and 
had a wider therapeutic ratio in mice. This may be due to the greater 
detergency of Clorpactin. 

In addition to its carcinocidal properties, hypochlorite can also enhance 
tumor growth. This has been demonstrated in several ways. It was 
first noted that mice treated with Clorox often developed solid tumors 
at the site of implantation of ascites cells, and eventually died of meta- 
static tumors. This was in contradistinction to the nonmetastasizing 
tumors that developed when small doses of inoculum were used in un- 
treated mice, and which killed by local extension. Indose-response studies 
we observed that supraoptimal doses of Clorox or Clorpactin resulted 
in more rapid tumor growth than at the optimal level, and, furthermore, 
that repeated Clorox administration was less beneficial than a single 
treatment. To facilitate study of the potentially detrimental effect of 
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hypochlorite, mice were pretreated with Clorox 24 hours before inocula- 
tion of ascites cells. In this preconditioned environment ascites cells 
grew and killed more rapidly than in control mice. More effective and 
reproducible augmentation of ascites cell growth was obtained by pre- 
treating with Clorpactin, formalin, heat stress, irradiation, and metho- 
trexate. Enhancement of tumor cell growth in experimentally seeded 
wounds has been observed with formalin (4) and also with Clorpactin 
XCB (4). In the latter independent study, Ketcham has found inhibi- 
tion and enhancement similar to that reported in this paper. In studying 
experimental metastasis of the Cloudman melanoma, Schatten (6) failed 
to observe any enhancement by cortisone or by an operative procedure. 

At first the mechanism of growth enhancement by chemical and physi- 
ological stress was thought to result mainly from interference with the 
immune mechanism that protected the mouse against the homologous 
Krebs-2 ascites tumor. This seemed likely in view of data showing that 
total-body irradiation enhanced the growth of Krebs-2 cells and that 
further notable enhancement was not achieved with most other additional 
agents. However, the response of lymphoid neoplasm P388 was qualita- 
tively similar to the response seen with Krebs-2 ascites. Furthermore, 
doses of hydrocortisone, which should have depressed the immune response 
as radiation did, gave inhibition rather than enhancement of growth. 
Thus the explanation of chemical or physiological stress operating mainly 
by direct interference with the immune response seems less likely, though 
not ruled out altogether. (This assumes that the action of hydrocortisone 
was not a 24-hour delayed, direct, antitumor action.) It was interesting 
to note that the phenomenon of growth stimulation produced by chemical 
and physiological stress could be overwhelmed with larger numbers of 
ascites cells in the inoculum. At the present time the phenomenon of 
enhanced growth is attributed to interference with one or more unde- 
termined nonspecific factors, such as phagocytosis, that operate to contain 
tumor cells in the normal host. The nature of these factors and the action 
of corticoids is under investigation. 

At the present time the effectiveness of hypochlorite in killing cancer 
cell suspensions in vitro has led cancer surgeons to consider its use in 
cleaning surgical wounds. Our studies have shown that hypochlorite can 
kill cancer cells in vivo and prolong survival time of mice bearing ascitic 
tumors. Unfortunately these studies do not help us predict whether the 
growth-enhancement effect may also occur in humans, not only because 
of species difference but also because the amount of hypochlorite for 
topical applications would be relatively much less for a human than for 
a mouse. It will be important to determine whether the phenomenon of 
enhancement is a systemic effect, as seen in mice, or may also occur as 
a result of locally restricted treatment, for which there is no evidence as 
yet. Should enhancement not be a factor in topical human usage, hypo- 
chlorite might well have a place in cancer surgery. — 
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PLATE 26 


Fiaure 1.—(A) Control mouse. (B) Mouse pretreated subcutaneously with 0.06 mg. 
Clorox in 0.5 ce. water 24 hours before inoculation of tumor. Both killed on 8th 
day after tumor inoculation. 
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Value of Bone Marrow and Spleen Cell Sus- 


pensions for Survival of Lethally Irradiated 


Dogs 1, 2 


ROBERT D. SULLIVAN, M.D.,°> GISELA STECHER, 
M.D.,* and STEPHEN S. STERNBERG, M.D., *® Divi- 
sions of Experimental and Clinical Chemotherapy, 
Sloan-Kettering Institute, and the New York Veterans 
Administration Hospital, New York, New York 


SUMMARY 


The protective effect of homologous 
spleen and homologous marrow and of 
autologous spleen and autologous mar- 
row was studied in 85 mongrel dogs 
after their single exposure to lethal 
doses of total-body X radiation. In 
the autologous experiments the ma- 
terial was administered intravenously 
and intra-arterially immediately after 
irradiation, while in the homologous 
experiments the cell suspensions were 
given as late as 24 hours after irradia- 
No protection was noted with 
these techniques at radiation dose 
levels of 600 r, 550 r, and 450 r. Sur- 
vival was somewhat longer at 450 r 
than at 600 r for both treated and con- 
trol groups. Within the treated groups, 
however, there was no appreciable dif- 
ference in survival at these radiation 
dosage levels. The delayed adminis- 
tration of homologous marrow up to 
24 hours after irradiation and the use 
of antibiotics and cortisone were like- 


tion. 


wise without significant protection. In 
most animals of all groups, there was 
depression of the white blood cell count 
to less than 1,000 cells per mm.’ by 
the 6th to 9th day, and at post-mortem 
examination, marrow and lymphoid 
aplasia were found. Significant pro- 
tection was noted when autologous 
marrow was used at radiation dose 
levels of 400 r. White cell count de- 
pression was less severe for the treated 
than for the control group. Surviving 
dogs were killed and were found to have 
normal hematopoietic and lymphatic 
systems. It is concluded that viable 
homologous or autologous spleen and 
marrow cell suspensions failed to pro- 
tect the mongrel dog against supra- 
lethal doses of total-body radiation, 
but autologous marrow afforded some 
benefit at marginally lethal dosage 
levels.—J. Nat. Cancer Inst. 23: 367-383, 
1959. 


NUMEROUS REPORTS have appeared on the successful reduction in 
mortality of small laboratory animals by various postirradiation tech- 
niques after lethal, total-body X radiation (1-28). Infusions of viable bone 
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marrow (1-15), spleen cell suspensions (16-18), cell suspensions of other 
hematopoietic tissues (19-23), and shielding of the spleen (24) and other 
areas (25-28) during irradiation have resulted in a significantly reduced 
mortality and an accelerated regeneration of certain tissues damaged by 
irradiation. However, only a few scattered reports have appeared on 
the effect of these procedures in larger animals (29-37). It appears that 
these methods of protection yield the best results in smaller animals 
when the donor animal is of the same inbred strain as the irradiated 
animal (13). With increasing size of the experimental animal and with 
correspondingly less homogeneity of genetic background, protection by 
these methods has been less successful. Since there has been considerable 
interest in applying these procedures to various disease states in man 
(38), further critical studies in larger animals are indicated. This report 
represents our experiences with the use of autologous and homologous 
bone marrow and spleen cell transplantations in an attempt to prevent 
the lethal effect of total-body X radiation in the mongrel dog. 


MATERIALS AND METHODS 


Young-adult mongrel dogs of either sex and of unknown origin were 
used in these studies. These dogs had been quarantined for 3 weeks, 
during which time they were actively and passively immunized against 
the major dog diseases—infectious hepatitis, distemper, and leptospirosis. 
Small animals weighing 5 to 8 kg. were selected so that total-body radia- 
tion could be given through a single portal. Animals were maintained 
in separate kennels and received a ration of horse meat and a dry, com- 
mercial, complete diet. 


Bone Marrow Suspensions 

Homologous marrow.—Adult donor dogs of 20- to 40-pounds body weight 
were killed by an intravenous injection of sodium pentobarbital (Nem- 
butal®) anesthesia. Both femurs were aseptically removed immediately 
and split longitudinally; the marrow was curetted from the metaphyses, 
strained through gauze, and placed in cold heparin-saline solution. 
Depending on the size of the donor animal, 174 million to 2.8 billion 
nucleated cells were obtained from 1 donor dog. In a given experiment, 
the total number of marrow cells obtained from a single donor dog was 
divided between 2 animals of the treated group. The concentration 
of nucleated cells varied from 2,500 to 50,000 per mm.*, and the total 
solution given each dog was 10 to 50 cc. 

Autologous marrow.—In the initial experiments, marrow was asepti- 
cally obtained, before irradiation, by supracondylar amputation of the 
femur and curretage of the split distal metaphysis of the femur and the 
proximal metaphysis of the tibia. This technique yielded only 10 to 50 
million nucleated cells and was abandoned because the operative proce- 
dure was associated with additional trauma to the animals. In subsequent 
experiments, before irradiation, marrow was obtained by repeated aseptic 
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aspiration of both iliac crests, with needles and syringes coated with 
heparin solution. This method usually yielded 87 million to 1 billion 
nucleated cells. Dilution with peripheral blood was inevitable, but 
was reduced to a minimum by aspirating not more than 0.1 to 0.2 cc. from 
a given site. The concentration of nucleated cells varied from 3,500 to 
40,000 per mm.* and the volume of solution given each dog was 3.5 to 
40 ce. 


Spleen Cell Suspensions 

Homologous spleen.—Splenectomy was aseptically performed on adult 
donor animals weighing 20 to 40 pounds. The spleen was passed through 
a meat grinder to remove gross fibrous tissue, strained, filtered through 
gauze, and placed in cold heparin-saline solution. The number of 
nucleated cells obtained varied, with the size of the animal, from 520 
million to 7.0 billion per spleen. The cell suspension was divided equally 
for the treatment of 2 animals. The concentration of nucleated cells in 
the heparin-saline solution varied from 10,000 to 66,000 per mm.* and 
the total volume of solution given each dog was 20 to 80 ce. 

Autologous spleen.—Animals of this group were subjected to splenectomy 
before irradiation, and spleen cell suspensions were produced as stated; 
800 million to 2.7 billion nucleated cells were obtained per dog. The 
final concentration of nucleated cells was 9,000 to 34,000 per mm.*, and 
the total volume of solution administered was 75 to 135 cc. 


Procedures 

There were 3 dogs in each experiment: 2 were treated and 1 represented 
an untreated control. Before irradiation or operation both treated and 
control animals received intravenous injections of Nembutal® anesthesia. 
Homologous material was administered intravenously to recipient dogs 
immediately after being removed from the donor animal. The animals 
had been irradiated 30 minutes to 24 hours before marrow infusion to 
ascertain the significance of the interval between irradiation and homo- 
transplantation. Autologous material was refrigerated after removal 
and was infused into recipient animals immediately after irradiation. In 
general, the interval between removal and infusion in the autologous 
group—i.e., time required for irradiation—was 30 to 90 minutes. The 
autologous material was usually given intravenously, but in several 
experiments, the intra-arterial route was used as follows: A polyvinyl 
catheter was inserted into the femoral artery and passed retrograde into 
the thoracic aorta. In the autologous experiments, control animals were 
not subjected to splenectomy or marrow biopsy. 

All animals were anesthetized prior to irradiation. Total-body 
radiation was administered in a single exposure, without rotation, by 
using only 1 portal. Energy source was a 250 kvp., 30 ma. X-ray 
therapy machine. Filtration factors were an HVL of 1.0 mm. Cu with 
added filtration of 0.33 mm. Cu. Target-to-midline distance was 100 
cm., and dose rate, measured in air at the potential midline, was approxi- 
mately 55 r per minute. 
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Streptomycin and penicillin were given to all animals in both the 
control and treated groups, according to the following schedules: ist 
postirradiation day; Ist to 10th postirradiation days. In a number of 
homologous experiments cortisone was administered to treated and 
control animals for 10 days, starting on the day of irradiation. Hemato- 
logic examinations, including hemoglobin, white blood cell count, and 
differential determinations, of all animals were made before irradiation, 
and 2 or 3 times weekly thereafter until they died or were killed. Complete 
post-mortem examinations were made of 69 of 85 animals that died spon- 
taneously or were killed. 


RESULTS 


A total of 85 mongrel dogs was used for these studies (table 1). Survival 
data, according to radiation dosage and type of protection, are recorded 
in table 2. 


TABLE 1.—Effects of homologous and autologous bone marrow and spleen cell suspen- 
sions in mongrel dogs weighing 5 to 18 kg. after lethal total-body X radiation 














Method of Greatest WBC 
protection* depression 
X-ray AM AS Number Day Day of 
dose HM HS of cells Anti- Count (after death 
DogNo. (r) C (X 10°) biotics Steroids (xX 10°) Rz) (after Rz) 
1A 600 AM 10. — — NDft ~- 3 
1B 600 AM 50. — — 0. 4 6 7 
1C 600 C -- —_ -—— 0. 0 6 7 
2A 600 HM 120. — — 0.0 7 8 
2B 600 HM 120. — — 0. 0 7 8 
2C 600 Cc -— —- — 0. 2 9 13 
3A 600 AS 2700. — -- ND a 2 
3B 600 AS 1900. —_ — ND — 2 
3C 600 C — -- -— 4.9 3 5 
4A 600 AS 790. — — 0. 7 2 2 
4B 600 AS 1200. — — 2.9 2 4 
4C 600 C -- — — 3.0 2 3 
5A 600 HS 2800. -- — 6. 3 3 3 
5B 600 HS 2800. —_— — 8.0 3 3 
5C 600 > ~~ = —_ 0.1 4 5 
6A 600 AS ND _- _ ND — 2 
6B 600 C — — — ND — 8 
7A 600 AS ND — — 0. 7 9 16 
7B 600 y -= -- — 0.0 9 10 
8A 600 AS 1500. — -~ ND —— 4 
8B 600 AS 1300. — — ND — 2 
8C 600 C — —- -- ND —- 5 
9A 600 AS ND — — 0.7 4 9 
9B 600 Cc = — — 0. 5 9 11 
10A 600 AS ND — -~ ND = 11 
10B 600 Cc _ _- — ND — 12 
11A 600 C — —_ — ND — 4 
11B 600 C _ _— _— 1.9 6 9 
12A 550 HM 480. — — 0. 2 5 6 
12B 550 HM 480. — _: 0. 2 7 8 
12C 550 C — — — 0. 2 12 13 
13A 550 HS 1200. -- -- 0.1 31 32 
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TaBLE 1.—Effects of homologous and autologous bone marrow and spleen cell suspen- 
sions in - ae dogs weighing 5 to 18 kg. after lethal total-body X radiation— 
Continue 














Method of Greatest WBC 
protection* depression 
X-ray AM AS Number Day Day of 
dose HM HS of cells Anti- Count (after death 

Dog No. (r) C (X 10°) biotics Steroids (10%) Rx) (after Raz) 
13B 550 Hs 1200. — — 0. 8 28 St 
13C 550 C — — — 1.3 21 23 
14A 550 HS 1300. — — 0.8 4 6 
14B 550 Cc — — — 0.4 7 11 
15A 550 HS 260. — — 6.5 2 4 
15B 550 HS 260. — — 5. 6 2 4 
15C 550 C — ~— — 6.9 4 4 
16A 450 H 3500. A — 0.3 4 6 
16B 450 HS 3500. A — 0. 2 10 12 
16C 450 C — A — 0.3 10 12 
17A 450 HS 3500. A mo @7 15 1208 
17B 450 HS 3500. A — 0. 4 7 11 
17C 450 C — A — 0.5 7 11 
18A 450 HS 2100. A 8 0. 7 8 13 
18B 450 HS 2100. A S 1.5 8 13 
18C 450 C = A 8 0. 2 14 17 
19A 450 HS 1200. A 8 0.1 9 12 
19B 450 HS 1200. A S) 0.1 9 11 
19C 450 Cc a A S ND —_— 8 
20A 450 HM 1400. A 8 0. 2 11 11 
20B 450 HM 1400. A 8 0.8 7 9 
20C 450 C — A S) 0. 2 7 10 
21A 450 HM 200. A 8 0. 6 24 25 
21B 450 HM 200. A ~) 0.5 14 15 
21C 450 C — A NS) 0.3 7 13 
22A 450 HM 90. A 8 0.8 11 11 
22B 450 HM 90. A s 0.3 11 13 
22C 450 Y -— A Ss 0.5 11 13 
23A 450 HM 411. A 8 2.5 4 8 
23B 450 HM 411. A 8 0.3 8 9 
23C 450 C — A ) 0.5 8 12 
24A 450 AM 1000. A —- 0.1 7 8 
24B 450 AM 400. A — 0.7 7 10 
24C 450 C _- A -- 7.0 3 6 
25A 450 AM 90. A -- 0.1 7 9 
25B 450 AM 760. A — 0.7 10 15 
25C 450 ) — A coe 4.6 3 4 
26A 450 AS 2500. A “= 3.1 3 6 
26B 450 y i A + 0.3 17 20 
27A 400 AM 430. A - 4.5 ri 59S 
27B 400 AM 370. A — 2. 6 14 59S 
27C 400 y — A _— 0. 6 10 13 
28A 400 AM 270. A — 0.4 10 11 
28B 400 AM 540. A _ 1.5 10 318 
28C 400 Cc a A ~= 0.1 13 14 
29A 400 AM 430. A — 1.0 9 1078 
29B 400 AM 425. A -- 1.0 7 1078 
29C 400 Cc — A — 0.1 8 8 
30A 400 AM 640. A — 2. 5 12 978 
30B 400 AM 260. A — 0.8 » j 978 
30C 400 C -— A =~ 1.0 12 15 
31A 400 Cc -- A —- 2.0 5 11 
31B 400 Cc = A -—~ 0.8 15 90S 





*AM =autologous marrow; HM = homologous marrow; AS = autologous spleen; HS = homologous spleen; 
C = control. 


tND = not done. 
{S = survived. 
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TasLe 2.—Results of protection against total-body X irradiation at various dosage 
Is 








leve 
600 r 550 r 450r 400 r 
Treatment (dead/total) (dead/total) (dead/total)  (deac'/total 

Autologous marrow .... 2/2 = 4/4 1/8 
Homologous marrow. . . . 2/2 2/2 8/8 — 
Autologous spleen .... . 10/10 —_ 1/1 — 
Homologous spleen .... 2/2 4/5 7/8 — 
Control animals. ..... 12/12 4/4 11/11 5/6 





Animals That Died at Radiation Dose Levels of 600 r, 550 r, and 450r 


At 600 r, the mean survival time for the treated groups was 5.2 days 
(range 2-16 days) and for the control group 7.6 days (range 3-13 days). 
At 550 r, equivalent values were 10.3 days (range 4—32 days) for treated 
groups and 12.7 days (range 4-23 days) for the control group. At dose 
levels of 450 r, these values were 11.7 days (range 6-25 days) for the 
treated animals and 11.0 days (range 4-20 days) for control animals. 

In most animals of both treated and control groups, total white blood 
cell counts had fallen to levels below 1,000 cells per mm.’ by the 6th to the 
9th day after irradiation. At the various dosage levels there was no 
significant difference between the rates at which the cell count fell 
(text-fig.1,A and B). Differential determinations revealed no differences 
in the treated and control groups and were identical to those changes 
previously reported by others (20). 

All animals developed a clinical manifestation of the lethal radiation 
syndrome after a latent period of 2 to 10 days. This was characterized by 
anorexia, weight loss, fever, infections, hemorraghic diarrhea, purpura, 
severe inanimation, and finally, death. Histologic examination post 
mortem revealed varying degrees of marrow aplasia and atrophy of the 
lymphoid system, widespread hemorrhage, and infection. There were 
no apparent histologic differences between control and treated groups, or 
within the treated groups at any dosage level, relative to the type of 
protection employed. In the treated animals, there was no evidence in 
any of the parenchymal organs of the cell suspension administered. 


Survivors 


At 550 r, 1 dog (No. 13B) that was treated with homologous spleen 
survived at least 84 days. This animal developed clinical evidence of the 
acute radiation syndrome, and the white blood cell count fell gradually to 
825 cells per mm.’ by the 28th day. Partial recovery was apparent by 
the 31st day, and after the 54th day the total white blood cell count re- 
mained between 4,000 and 5,000 cells per mm.’ until the animal was lost to 
follow-up (text-fig. 2). At 450 r, 1 dog (No. 17A) protected with homol- 
ogous spleen also survived, and was killed after 120 days. This animal 
developed leukopenia of 700 cells per mm.’ by the 15th day, but recovery 
occurred on the 35th day (text-fig. 2). Autopsy revealed normal hema- 
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Text-FiGuRE 1, A and B.—White blood cell counts of treated and control mongrel dogs 
after 550 r, 600 r, and 450 r of total-body X radiation. 


topoietic and lymphatic systems. Parenchymal organs were normal and 
there was no evidence of “delayed foreign bone marrow reaction’”’ (39). 
Radiation Dose Level of 400r 


The protective effect of the administration of autologous marrow after 
a radiation dose of 400 r was studied in 14 dogs. Seven of 8 dogs inthe 
treated group survived, while 1 of 6 animals in the control series survived. 
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TEXT-FIGURE 2.—White blood cell counts of 2 dogs that survived 450 r and 550 r totual- 
body X radiation. 


Three survivors of the treated group were observed for 31 to 59 days, at 
which time they appeared normal and were killed. The remaining 4 
survivors of the treated group are still under observation at 97 to 107 
days post irradiation and are normal clinically and hematologically. The 
average time of death of the control animals was 12 days (range 8-15 
days); the treated dog that died succumbed on the.11th day after 
irradiation. 

The average greatest depression of the white blood cell count in the 
survivors of the treated group was 1,500 cells per mm.* (range 800-—2,600) 
and for the control group, 600 cells per mm.’ (range 100-1,000). Partial 
recovery of peripheral white blood cell counts in survivors was apparent 
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TEXT-FIGURE 3.—White blood cell counts of treated and control mongrel dogs after 
400 r of total-body X radiation. 
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by the 12th day and total recovery had occurred by the 30th day (text-fig. 
3). The white blood cell count of the treated animal that died was 400 
cells per mm.’ on the 9th postirradiation day, 1 day before death. 
Histologic examination of the tissues of the control animals and the treated 
animal that died from irradiation revealed atrophy of hematopoietic and 
lymphatic systems, hemorrhage, and infection. The organs of the treated 
animals that survived and then were killed appeared completely normal. 
There was no evidence of extramedullary hematopoiesis or of the adminis- 
tered cell suspension in the parenchymal organs. 


DISCUSSION 


At radiation dosage levels in the supralethal range (20, 32) (600 r, 
550 r, and 450 r), no significant protection was observed with either 
homologous marrow or spleen or autologous marrow or spleen. In the 
treated groups at these dosage levels, no significant differences in survival 
were noted relative to the type of protection used, 7.e., spleen cell sus- 
pensions or bone marrow suspensions—autologous or homologous (text- 
fig. 4). Moreover, there was no appreciable difference when homologous 
marrow was given immediately or up to 24 hours after irradiation. How- 
ever, it would appear that animals in both the treated and control groups 
survived somewhat longer at the 450 r dose than at the 600 r dose. The 
postirradiation mean survival time at 450 r was 11.4 days, while at 
doses of 600 r this value was 6.4 days. This is in accord with the findings 
of Cronkite and Brecher (20), who observed, in the dog, shorter survival 
times with increasing doses of radiation in the supralethal dosage range. 

Significant protection was noted with autologous bone marrow at 
radiation doses of 400 r. This dosage level approximates an LD88 (20). 
Seven of 8 animals in the treated group survived, while 1 of 7 animals 
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Text-ricuRE 4.—Cumulative mortality in treated and control animals after total- 
body irradiation. 
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in the control group survived. The hemograms of the surviving dogs 
returned to normal levels and the animals appeared clinically well for as 
long as 107 days of observation. The organs of several surviving dogs 
that were killed were normal on histologic examination, and there was 
no evidence of extramedullary hematopoiesis or of the administered cel] 
suspension in any of the parenchymal organs. 

The results of this study agree with the findings of Alpen and Baum 
(33), who likewise observed significant protection with autologous marrow 
at 400 r. At this dosage level, protection was obtained in our animals 
with one third to one eighth the number of cells used in their study. 
In contrast to our findings, these authors also observed complete protection 
with autologous marrow at doses as high as 600 r (3 survivors of 3 treated 
animals) when 2 billion marrow cells were given. This amount of marrow 
is approximately twice as many cells as we used in our study. It has 
been shown in several species that there may be a critical number of cells 
required for protection at different radiation dosage levels (table 3). It is 
conceivable that our failure to see protection with autologous marrow at 
doses greater than 400 r was that a subcritical number of cells were given. 

Two dogs treated with homologous spleen survived at radiation dosage 
levels greater than 400 r, 2.e., in the supralethal dosage range; 1 survived 
at 450 r and 1 survived at 550 r. Both animals developed leukopenia 
of less than 1,000 cells per mm.* Recovery of the white blood cell count 
to normal was considerably longer in these 2 survivors protected with 
homologous spleen than in those animals that apparently derived protec- 
tion from autologous marrow at 400 r. (Cf. text-figs. 3 and 2.) This 
would indicate that accelerated recovery of the damaged bone marrow 
did not occur, and that return of the marrow to normal may have occurred 
spontaneously, as would be expected with a sublethal radiation dosage. 
Both dogs were normal clinically and hematologically up to 90 to 120 
days of observation. Histologic study of the organs of 1 dog that was 
killed was indistinguishable from that of a normal dog. There was no 
extramedullary hematopoiesis, nor was there evidence of the extreme 
lymphoid atrophy seen with the “delayed homologous bone marrow 
reaction” (39). This reaction occurs in mice when homologous or hetero- 
logous bone marrow is used for protection after lethal total-body irradia- 
tion (42). Itis characterized by temporary recovery of the irradiated mice 
paralleling that seen with isologous (nonforeign) bone marrow. Twenty- 
one days after exposure, there is progressive weight loss, inanition, and, 
finally, death. Peripheral blood and marrow counts are normal or nearly 
normal. The reaction has been interpreted as evidence of a hypersensi- 
tive state resulting from chronic antigen-antibody reactions in vivo 
between the host animals’ immune mechanisms and the foreign bone 
marrow and blood elements. Thus, in this study if the 2 dogs treated 
with homologous spleen survived because of a sublethal radiation dose, 
the infused homologous spleen did not produce a deleterious effect, while 
if the animals survived due to the spleen homotransplantation, the delayed 
homologous bone marrow reaction did not develop up to 120 days of 
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observation. In these instances, the corresponding donor animals were 
not available for further study of homographs of other tissues in the 
survivors (7.e., skin, kidney, etc.), which would be essential to prove 
that marrow “takes” indeed had occurred (13). The number of cells 
infused after irradiation was not greater in these animals than in the 
other treated dogs that failed to derive appreciable protection. The 
delayed recovery of the white blood cell count was consistent with a 
sublethal dose of radiation. Therefore it is not justifiable to draw any 
conclusion from these isolated survivors since in this type of biologic 
study larger numbers of animals are needed for statistical validity. 

Ferrebee et al. (35) have recently reported a successful homograph of 
bone marrow in the dog, after lethal total-body X irradiation, that is 
associated with increased survival of the treated animals. This is in 
contrast to our findings and to those of Alpen and Baum, in which there 
was no evidence of prolonged survival or successful ‘‘takes’” with homo- 
logous marrow at any of the radiation dosage levels used. The disparity 
in results between these investigations may conceivably be explained on 
differences in the techniques of irradiation and marrow infusion. Ferre- 
bee et al. described protection with bone marrow suspensions in one 
beagle dog after lethal total-body irradiation. The dog was splenecto- 
mized, given ACTH, then exposed to 400 r of total-body radiation on 
3 successive days. On the 4th day he received 8.6 billion nucleated 
bone marrow cells from a female sibling. This animal developed evidence 
of “the immediate postirradiation syndrome,” but by the 14th day, the 
white blood cell count was normal and differential counts showed 4 
percent of the cells to be of the female type. At 30 days of observation, 
the dog appeared clinically well. Two other treated dogs failed to 
derive protection from bone marrow obtained from non-littermate donor 
dogs. The authors attribute the success of bone marrow infusion in 
the single dog that survived to several factors: ACTH and splenectomy, 
designed to further reduce the activity of immune mechanisms; the use 
of a genetically related donor; and the relatively large number of bone 
marrow cells infused. Further expanded studies in the mongrel dog, 
with similar techniques, will be of interest. 

Since there is considerable interest in using viable hematopoietic cell 
suspensions to prevent the lethal effects of total-body irradiation in various 
clinical disease states in man, it appears worth while to examine the 
reported limitations in various mammalian species. Table 3 was compiled 
in an attempt to illustrate these species differences. The table is deficient 
in many respects: comparative data of the various species listed differ 
in regard to dosimetry and techniques of irradiation, number and type 
of cells used for protection, and the degree of genetic homogeniety of the 
various species studied. It would appear, however, that with the in- 
creasing size of the experimental animal and with a corresponding decrease 
in homogeniety of genetic background, there is less success with these 
methods of protection. In mice the degree and duration of protection 
afforded by isologous, homologous, and heterologous sources of bone 
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marrow, administered after lethal doses of radiation, was directly propor- 
tional to the closeness of genetic relationship of the marrow donor to the 
protected recipient (table 3). The degree of protection with homologous 
marrow in guinea pigs (48) and rabbits (61) is considerably less than 
that observed in the smaller rodents. It appears from the results of this 
study that, in the mongrel dog, autologous marrow affords some protec- 
tion but homologous marrow is without benefit. It has recently been 
reported (34) that, in monkeys, homologous bone marrow obtained from 
young donor animals afforded significant protection from the lethal effects 
of an LD100 dose of total-body radiation. It has been suggested (40) 
because of a similarity of LD50 values, that the monkey falls in the 
category of small animals and cannot be considered “radiobiologically or 
hematologically as any ‘closer’ to man than any other small species.” 
In all species studied, there is an upper limit of radiation dosage beyond 
which these measures do not achieve protection. This dosage limitation 
may be due to the fact that there are a variety of syndromes and modes 
of death which follow acute total-body irradiation, and depend on dose 
level and type of irradiation, and the species involved. Thus, although 
protection of the bone marrow may be afforded by these measures, death 
nevertheless results from damage to other organs or systems. 
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Some Nutritional Aspects of a 3’-Methyl-4- 


dimethylaminoazobenzene-Induced Hepatoma 


In Vitro '! 


THOMAS A. McCOY and MERLE MAXWELL, Bio- 
medical Division, The Samuel Roberts Noble Founda- 
tion, Inc., Ardmore, Oklahoma 


SUMMARY 


A transplanted hepatoma (MDAB hepa- 
toma) originally induced by 3’-methyl- 
4-dimethylaminoazobenzene [N,N- 
dimethyl-p-(m-tolylazo)aniline] was 
shown to require 14 amino acids or 
amides for growth in vitro. In addition 
to these compounds, it appeared that 
glycine and/or serine was essential for 
growth; the addition of either com- 
pound in the medium readily satisfied 


this requirement. Investigation of 
sparing effects revealed that the require- 
ment for cysteine and asparagine could 
be replaced by a variety of sulfur- 
containing compounds and aspartic 
acid, respectively. These results were 
discussed in light of previously pub- 
lished work regarding nutrition of nor- 
mal and malignant tissues in vitro.— 


J. Nat. Cancer Inst. 23: 385-393, 1959. 








HEPATOCARCINOGENESIS RESULTING from the oral administra- 
tion of 3’-methyl-4-dimethylaminoazobenzene * in the diets of rats has 
been extensively studied (1, 2). The authors, however, have been unable 
to find any record of tissue-culture investigations with a tumor induced 
with this dye. One such induced tumor has been transplanted success- 
fully in this laboratory and carried for over 50 transplant generations as 
an intramuscular implant in the rectus femoris of female Holtzman rats. 

In a recent article, the amino acid requirements in vitro for growth 
of the Novikoff hepatoma have been described (3), and these requirements 
were found to differ somewhat from two other rat neoplasms examined 
in this laboratory, namely, the Walker carcinosarcoma 256 (4) and the 
Jensen sarcoma (6). In view of these differences, it was of interest to 
determine some nutritional requirements in vitro of another neoplasm 
arising from the liver and to compare these characteristics with those of 
a spectrum of normal and malignant tissues. The present paper 
describes studies delineating the essential amino acids and the results 
of amino acid sparing experiments with a hepatoma (the MDAB hepa- 
toma) induced originally by oral administration of 3’-methyl-4-dimethyl- 
aminoazobenzene. 


! Received for publication{February 9, 1959. 
2 Chemical Abstracts’ nomenclature: N,N-dimethyl-p-(m-tolylazo)aniline. 
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MATERIALS AND METHODS 


The tissue-culture techniques employed have been described previ- 
ously (6). All work was conducted with freshly excised tumor and the 
initial inoculum was 400,000 cells per T-15 flask (total volume 2 ml.). 
The basal medium used was 5a (3). This medium was composed of 
21 L-amino acids or amides, a mixture of inorganic salts, B vitamins, 
antibiotics, glutathione, ascorbic acid, glucose, phenol red, and 5 percent 
dialyzed pooled human serum. All experiments were performed at least 
twice and all treatments (in any single run) were made in duplicate flasks. 
The basal medium was replaced at the end of 48 hours of incubation and 
every 24 or 48 hours thereafter, depending upon the acidity of the cultures. 
Growth was determined by a whole cell count after the cells had been 
released from the surface of the flask by chilling at 4°C. for 4 hours. 
At least 4 counts per treatment were made, and the average deviations 
usually did not exceed 10 percent of the mean. When larger deviations 
were encountered, the tests were rerun and a larger number of cell counts 
were made. 


RESULTS 


When the amino acids in the medium were individually omitted from 
the substrate, no growth occurred in the absence of 14 amino acids or 
amides (table 1). These included the 8 essential amino acids for man 
(lysine, threonine, valine, leucine, isoleucine, phenylalanine, methionine, 
tryptophan) (7), as well as arginine, histidine, tyrosine, cysteine, glu- 
tamine, and asparagine. When the principal source of nitrogen in the 
medium was restricted to only the essential amino acids, no growth oc- 
curred over a 5-day period. Supplementing the substrate, however, with 
glycine and/or serine stimulated the growth response of the hepatoma cells 
(text-fig. 1). Further, the growth-stimulatory action of these two sub- 
stances was noted irrespective of the presence or absence of alanine, 


TABLE 1.—Effect of omitting individual amino acids from basal medium 5a 








Growth in Growth in 
Deficiency 5 days* Deficiency 5 days* 

ace to: awn ache arate 3. 56 Phenylalanine............... 0. 45 
NS ind 5 b:a bo been creas 0. 13 aes: 0. 30 
IR ws: actieuse sole na'e eras 0. 13 pe 0. 46 
bia dns dob einmiecm be 0. 33 tides ck we sikh nea 3. 66 
CE arcuh tas wa xe caeke 4, 22 Hydroxyproline............. 3. 81 
NS sy ge xh axe daa 5. 36 aia neue koenee nes 0 

cis cla lal accede ee a 2. 51 I hac lalai's baal gnawed 0. 03 
I seed base ecks 0. 10 eer re 3. 55 
. eer 0. 12 Glutamic acid............... 3. 10 
i ciaeancsewens na 0. 43 Ne 66-6 ov & Sen Vial 0. 15 
NL cx wlas co ukiene awe 0. 27 os nvckeeeeescoans 0. 08 














*Initial inoculum = 1.0. 
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TIME 
(Days) 


Trext-FIGURE 1.—Growth response of the MDAB hepatoma to substrate glycine and 
serine tn vitro. 


aspartic acid, glutamic acid, proline, and hydroxyproline in the substrate. 
Since no growth was observed when both glycine and serine were deleted 
from the medium, it appeared that glycine or serine was required for 
growth of the MDAB hepatoma, and the addition of either compound in 
the substrate could readily satisfy this requirement. 

In considering the results of sparing experiments, the following terms, 
for the purposes of this paper, are defined: (a) completely interchangeable 
means an equal growth response was obtained when equimolar amounts 
of one substance were substituted for another compound; (6) sparing is 
a condition whereby large amounts of one substance can give an equivalent 
growth response of smaller amounts of an essential component; (c) par- 
tially sparing infers that a cell-maintenance condition or inferior growth 
was obtained when one compound was used in lieu of another substance ; 
and (d) inactive indicates the initial inoculum of cells was not maintained, 
irrespective of the concentration of the substituting compound. 

Attempts to spare the requirements of some amino acids are summarized 
in table 2. It can be seen that arginine was not replaced by citrulline or 
ornithine, but the cysteine requirement was spared by a variety of organic 
and inorganic substances. As might be expected, cystine was inter- 
changeable with cysteine and thioglycolic acid partially spared this re- 
quirement. Methionine, homocystine, and cysteic acid were inactive. 
The inorganic sulfur-containing compounds capable of partially replacing 
cysteine were sodium sulfite, sodium bisulfite, and sodium thiosulfate. 
The asparagine requirement of the MDAB hepatoma was spared by large 
amounts of aspartic acid, but glutamic acid and glutamine could not be 
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used in lieu of asparagine. Glutamine, however, was not replaced by 
glutamic acid, aspartic acid, or asparagine. It should be mentioned that 
increasing amounts of phenylalanine were inactive in sparing the tyrosine 
requirement of the MDAB hepatoma. 


TaBLe 2.—Typical sparing experiments with the MDAB hepatoma 





Concentration 
(mm) 





Growth in 5 days, inoculum = 1 














Deficiency Supplement 0 05 10 50 100 200 
Pee Citrulline............ 0.21 0.43 0.69 0.70 0.69 6,83 
Ornithine............ 0.27 0.30 0.41 0.51 0.32 0.21 
Cysteine......... SIS Saxe sew anais 0.07 3.10 — 018 0210 — 
Homocystine......... 0.02 0.22 0.14 0 0 0 
Cysteic acid......... 0.18 0.16 011 0.11 0<£.13 0,24 
Methionine.......... 0.09 0.10 0.09 0.13 0.07 0.05 
Thioglycolic acid..... 0.15 0.52 1.02 1.11 0.47 0.10 
Na,SQy.............. 040 0.38 0.36 0.32 0.45 0.32 
ES 0.31 2.00 1.59 2.09 1.17 0.35 
NaHSO ............. 013 161 — 1.40 @78 0,29 
BES 59, 0:0 0s a6 tiene 0.42 — 0.83 1.18 1.12 097 
Pcp ba ee sacere word 0.15 0.28 0.65 0.86 0.48 0.06 
Asparagine...... Aspartic acid........ 0.06 0.07 0.11 0.99 2.30 1.41 
Glutamic acid........ 0.13 0.14 0.09 0.10 0.08 0.02 
| Ee 0.03 0.08 0.14 0.06 0.07 0.07 
Glutamine....... Glutamic acid........ 0.02 0.08 0.08 0.17 0.12 OL 
Aspartic acid........ 0.07 0.10 0.10 0.11 0.14 0.20 
Asparagine.......... 0.05 0.04 0.08 0.08 0.14 0.13 
ore Phenylalanine........ 0.13 0.08 0.08 0.07 0.05 0.04 
Average control growth = 2.45 
DISCUSSION 


The predominating opinion regarding the nutritional requirements of 
cells cultured in vitro has been that all cells required the same amino acids. 
While a remarkable similarity in nutritional patterns does exist (8), there 
are a number of notable exceptions to this rule. This can best be seen by 
examination of table 3. Of the 16 cell lines listed (8 normal and 8 malig- 
nant), all required the 3 basic amino acids. The essentiality of the 
aliphatic amino acids, however, presented a somewhat different picture. 
For example, glycine was essential for the monkey testicular cell (16) and 
was stimulatory for the monkey kidney cell in first cultural passage (al- 
though with continued subculture in the absence of glycine, the monkey 
kidney cells died) (15). In addition, glycine and serine markedly stimu- 
lated the growth of the Walker and Jensen tumors (4, 5), and glycine 
appeared to be essential for the Novikoff hepatoma in vitro but could be 
partially replaced by serine (3). With the MDAB hepatoma, no growth 
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occurred in the absence of both substrate glycine and serine, indicating 
that one of these substances was essential for growth; but the presence of 
the other amino acid could readily satisfy this requirement. Further, 
serine was reported to be essential for the rabbit fibroblast (17), and 
alanine inhibited the growth of the chick-heart fibroblast (18). Another 
exception with respect to the aliphatic amino acids was the nonessential 
character of isoleucine for the chick-heart fibroblast (18). 

The aromatic amino acids appeared to be required for all cells examined 
thus far, with the possible exception of tryptophan which Eagle et al. (13) 
reported may have been stimulatory rather than essential for the J-111 
monocytic leukemia, KB-nasopharynx, human intestine, and Chang’s 
strains of human liver and conjunctiva. The proline compounds inhibited 
the chick-heart fibroblast (18), while they appeared to be nonessential for 
the other cell lines tested. On the other hand, the sulfur-containing 
amino acids were essential for the growth of all these 16 strains. 

Aspartic acid and glutamic acid inhibited the chick-heart fibroblast, 
while glutamine was nonessential (18). Of the remaining 15 cell lines 
examined, aspartic acid and glutamic acid were nonessential for growth, 
while glutamine was required. It should be mentioned, however, that 
glutamine and glutamic acid were completely interchangeable in regari| 
to the growth of the monkey kidney cell (16). 

The essentiality of asparagine does deserve some consideration. Three 
neoplasms (the Walker tumor (4), the Jensen sarcoma (15), and the 
MDAB hepatoma) examined in this laboratory required this amide, but it 
apparently was not essential for any other tissue thus far studied (table 3).* 
One possible explanation for these phenomena may have been that experi- 
ments performed in this laboratory were made with freshly excised tumors, 
whereas most of the work in other laboratories was conducted with serially 
propagated cell lines. This is particularly important, since nutritional 
variants of the Jensen sarcoma cells that do not require an exogenous 
source of asparagine have been readily developed in vitro (19). 

A comparative summary of sparing experiments is shown in table 4. 
Citrulline spared the arginine requirement of the Novikoff hepatoma (3) 
and the chick-heart fibroblast (23), but ornithine was ineffective. Glu- 
tamic acid partially replaced the glutamine requirement of the Jensen 
sarcoma (5), the Novikoff hepatoma (3), and the monkey testicular cell 
(16). In the monkey kidney cell, however, both aspartic acid and 
asparagine spared the glutamine requirement and glutamic acid was 
completely interchangeable with glutamine (15). Glutamic acid also 
spared the glutamine requirement of a number of human cell lines (13). 

As might be expected, cystine and cysteine were interchangeable for 
all cells reported thus far. Thioglycolic acid and sodium thiosulfate 
partially replaced the cysteine requirement for the Jensen sarcoma (4) 
and the Novikoff () and MDAB hepatomas, but they were inactive in 


3 Since the original manuscript was submitted, one other cell line, the mouse leukemia cell (L-5178) has been 
shown to require asparagine (Haley, E. E., Fischer, G. A., and Welch, A. D.: Requirement of t-asparagine of 
mouse leukemia cells (L-5178) in culture. Proc. Am. Assoc, Cancer Res. 3: 25, 1959). 
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TaBLe 4.—Some comparative sparing experiments in vitro* 
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*C = completely interchangeable; S = sparing; PS = partially sparing; I = inactive. 
tR = rat; MK = monkey; H = human; O = chicken. 


the chick-heart fibroblast (21, 22). Although cysteic acid, methionine, 
and sodium sulfate did not spare the cysteine requirement in the Jensen (6), 
Novikoff (3), and MDAB tumors, sodium bisulfite and sodium sulfite 
demonstrated some activity. Sodium sulfide was partially active in the 
Novikoff hepatoma (3). 

It was previously reported that the asparagine requirement of the 
Walker tumor could not be replaced by aspartic acid or glutamic acid 
with or without ammonium chloride (all in the presence of ATP) (11). 
High concentrations of aspartic acid alone (10-20 mm), however, spared 
the asparagine requirement.* Therefore, of the three neoplasms requiring 
asparagine, high concentrations of aspartic acid spared this requirement 
(6). Thus, it can be seen that differential characteristics of different 
cell lines cultured in vitro can be elucidated by comparing the essentiality 


‘ This laboratory, unpublished. 
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and stimulatory action of certain substrate components as well as sparing 
experiments. 
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Electrophoresis of Proteins of Irradiated Mouse 


RAYMOND A. POPP? and L. H. SMITH, Biology 
Division, Oak Ridge National Laboratory, Oak Ridge, 


Tennessee 


SUMMARY 


A comparative study was made of the 
proteins in various tissues of Sprague- 
Dawley rats and (101 X C3H)F; mice. 
The results were used as a basis for 
studying changes in the protein pat- 
terns in tissues of rat-mouse chimeras: 
i.e., (101 X C3H)F; mice were given 950 r 
of X rays and then received an injection 
of bone marrow from Sprague-Dawley 
rats. Electrophoretic mobilities of rat 
proteins extracted from the bone mar- 
row, spleen, lymph node, and thymus 
of chimeras and rats were similar. The 
quantity of rat proteins and the rate 
and time at which they appeared in 
different hematopoietic organs were 


quite different. Some mouse-type pro- 
teins not found in chimera tissues ex- 
amined 30 days after treatment were 
frequently present on the 50th day or 
later, which suggests regression of the 
graft. The results are consistent with 
the idea that rat-type proteins syn- 
thesized in the cytoplasm of trans- 
planted rat cells are controlled by the 
genotype of these cells, even in a mouse 
environment. They also indicate that 
there are organ-specific differences, in 
the rate and degree of replacement of 
transplanted cells, that require further 
investigation.—J. Nat. Cancer Inst. 23: 
395-409, 1959. 








THE TRANSPLANTATION and growth of rat hematopoietic precursors 
in X-irradiated mice has been demonstrated (see review by Congdon, 1). 
The immunological specificity observed (2-5) suggests that the proteins 
in the repopulated hematopoietic tissues were not altered. This has 
been shown definitely for rat hemoglobin (6), but, since immunological 
specificity may be limited to a small portion of the antigen molecule, 
portions of rat proteins other than hemoglobin may be changed under 
the influence of the mouse environment. 

In this paper we shall describe (a) specific electrophoretic differences 
found in a comparative study of some rat and mouse proteins, and (6) 
changes observed in the protein patterns in hematopoietic tissues of 
irradiated mice during the establishment of rat-mouse chimeras. 


' Received for publication February 9, 1959. 

21 wish to express my appreciation for the facilities provided by Dr. Alexander Hollaender and the Biology 
Division during my tenure as a Research Associate and also to acknowledge the many helpful consultations with 
Dr. A. ©. Upton throughout this investigation and the preparation of the manuscript. 
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METHODS 


Ten- to 16-week-old male and female (101  C3H)F; mice were given 
a single 950-r dose of X rays. The radiation was generated by a 250-ky, 
Phillips X-ray machine operating at 15 ma. The beam was filtered 
through 1 mm. of added Al; the dose in air was ~ 160 r per minute, 60 cm. 
from the source; the HVL was 0.5 mm. of Cu. Within 4 hours after 
irradiation, ~120 X 10° bone marrow cells from 4-month-old Sprague- 
Dawley rats were injected into the tail vein of lethally irradiated mice. 
This procedure promoted recovery from the radiation injury and caused 
blood chimerism in many of the mice (/). Control animals were non- 
irradiated, 3- to 4-month-old Sprague-Dawley rats and (101 « C3H)F, 
mice. We sometimes substituted strain 101 mice for the hybrid controls 
since the protein patterns of the 2 strains appear to be the same. A 
total of 47 irradiated mouse chimeras were serially killed at about weekly 
intervals. The animals were decapitated and bled, and the blood was 
collected in 15-ml. centrifuge tubes. Serum was obtained by centrifuga- 
tion of clotted blood at 1,500 < g for 10 minutes. The spleen, lymph 
nodes, thymus, femurs, liver, kidneys, and duodenum were removed. 
Perfusion was omitted because rat proteins were not observed in the 
serum of chimeras. Small pieces of each tissue were fixed in Zenker- 
formol solution, and hematoxylin-eosin-stained sections were prepared. 
Bone marrow cells, which had been ejected from the femurs by distilled 
water, with a 25-gauge needle attached to a hypodermic syringe, were 
used without further preparation. Fifty percent homogenates of the 
spleen, lymph nodes, thymus, liver, kidney, and duodenum were pre- 
pared by grinding each tissue for 5 minutes in a ground-glass Potter- 
Elvehjem tissue homogenizer, with a volume of distilled water equal to 
the weight of tissue. Homogenates were centrifuged at 1,500 * g for 
20 to 30 minutes to remove gross cellular debris. The supernatant 
suspension was either used immediately or stored at —15° C. for not 
more than 10 days. If precipitates developed during storage, they were 
removed by centrifugation before the sample was used for electrophoresis. 
Bone marrow, serum, and tissue extracts were electrophoresed in 15 
percent starch gels made in 0.03 m borate buffer at pH 8.48, as described 
by Smithies (7). Proteins were located by the use of amido Schwarz 
10B. Bands of proteins with nonspecific esterase activity were identified 
by their capacity to hydrolyze the ester linkage in a-naphthyl acetate; 
the liberated a-naphthol was coupled in situ with diazonium salt Fast 
Blue RR (8). The latter technique was used most frequently for charac- 
terizing proteins of the rat and mouse type in tissues of chimeras. Two 
samples to be compared were run simultaneously side by side in the 
starch-gel block so that both samples were subjected to identical condi- 
tions of electrophoresis and staining. A semiquantitative determina- 
tion of the proteins was made visually by comparing the electrophoretic 
patterns of experimental animals with patterns obtained from normal 
mouse and rat tissues. 
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RESULTS 


Specific differences in electrophoretic mobilities of Sprague-Dawley 
rat and (101 * C3H)F; mouse proteins that exhibited nonspecific esterase 
activity are shown in figure 1 and text-figure 1. The patterns of mouse 
and rat hematopo etic tissues were very different, even though zymograms 
of the different hematopoietic tissues within each species were similar. 
Three prominent differences between rat and mouse zymograms were 
used for following transplantation and progressive colonization of rat 
bone marrow cells in lethally irradiated mice: (a) After electrophoresis, 
rat-tissue protein bands B’ and C’ lay between mouse-tissue protein 
bands A and D; (6) rat protein bands @’ and H’ were slightly less mobile 
than homologous mouse protein bands G@ and H; (c) a rapidly migrating 
mouse protein band J was not found in rat tissue homogenates (fig. 1 
and text-fig. 1). 
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TEXT-FIGURE 1.—Mouse and rat esterase-positive tissue proteins. For convenience, 
tissue proteins in plates 27 through 30 are called globulins or albumins when their 
electrophoretic mobilities are similar to those of serum globulins and albumin, 
respectively (fig. 1). Since the origin of some serum proteins is unknown, it is 
possible that they are cellular proteins synthesized in many cell types and that they 
subsequently leak into the blood stream. There is no reason to assume, especially 
where perfusion has been omitted, that the tissue proteins studied here are not 
identical with serum counterparts. 


Determinations of the percentage of red blood cells of the rat type, in 
chimeras before death,* indicated that damaged mouse marrow was 
repopulated by transplanted rat bone marrow cells. Electrophoresis of 
hematopoietic tissue suspensions also showed that these tissues contained 
rat-type proteins (fig. 2). 

Wide variations were often found in the relative amounts of mouse- 
and rat-type proteins in different hematopoietic tissues of one chimera. 
During the first 30 days, mouse protein bands A, D, and J diminished or 


* Determinations were made by Dr. W. St. Amand. 
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disappeared, whereas rat protein bands B’, C’, and G’ appeared and in- 
creased in the spleen and lymph nodes (fig. 2). The intensity of band 
I also increased in the spleen, but it was not determined whether the 
proteins were of mouse (J) or rat (J’) origin. 

Results obtained with extracts of these tissues showed that synthesis 
of rat globulin more nearly replaced mouse globulin synthesis in the spleen 
and lymph nodes than in the thymus. Zymograms of thymus showed that 
the quantity of esterase in band A was not reduced but was usually in- 
creased. Moreover, the reduction of bands D and J was not so pronounced 
in the thymus as in the spleen and lymph nodes. Furthermore, B’ was 
the only rat-type esterase found in the thymus of chimeras (fig. 2). 

Proteins of both rat and mouse type were identified in bone marrow of 
chimeras. Rat-type protein bands B’, C’, and I’ were usually present. 
The hemoglobin also rapidly became rat-type (fig. 3). The mouse-type 
proteins in the bone marrow are thought to represent the circulating 
mouse plasma proteins present there. 

Apparently, the serum proteins of healthy chimeras were exclusively 
of the mouse type, and the quantity of a,-globulin usually increased 
(fig. 4). Similarly, the levels of mouse serum esterase bands A, D, G, 
and J usually increased, but band H decreased slightly (fig. 2). Our 
failure to find rat-type proteins in mouse chimera liver, kidney, and 
duodenum does not necessarily mean that none were present since, by 
this method, the limits of detection are ~5 percenf rat protein in 
preparations containing a mixture of rat and mouse tissues. 

To check the possible appearance of rat-type proteins without trans- 
plantion, we examined tissues from two groups of (101 X C3H)F; mice 
17 and 47 days after treatment. One group received 950 r of X rays, 
isologous bone marrow, and adult rat spleen. Mice of the other group 
were not irradiated and received only the rat spleen.’ None of the mice 
showed evidence of rat-type protein. 

The proportions of extractable rat and mouse tissue proteins that cor- 
responded electrophoretically to the globulin fractions of rat and mouse 
serums were used in a semiquantitative way to indicate the rates at which 
cells derived from rat bone marrow replaced the lethally irradiated mouse 
cells (text-fig. 2). The amount of rat and mouse proteins was estimated 
by visually comparing zymograms of chimera tissue proteins with those 
of known mixtures of rat and mouse tissue proteins. A standard devi- 
ation of +4.5 percent was found (maximum error of +10%) when the 
proportions of rat and mouse serums were estimated in 10 serum mixtures 
prepared by one of us and analyzed by the other. 


DISCUSSION 


The development of starch-gel electrophoresis has simplified the assay 
of proteins in a small amount of tissue such as the thymus of a single 


§ Animals received from Dr. G. E. Cosgrove, of this Division. 
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mouse. The nonspecific esterase activity associated with several rat 
and mouse proteins is particularly helpful for detecting very small quanti- 
ties of species-specific proteins in these animals. In contrast to ordinary 
protein-to-dye complexes, one molecule of esterase may cause formation 
of several molecules of dye. The procedure is fairly sensitive: e.g., the 
H’ protein band of rat serum can be identified after electrophoresis of a 
mixture of 1 part rat serum and 99 parts mouse serum, and other rat 
proteins can usually be identified when 5 parts of rat-tissue homogenate 
are mixed with 95 parts of mouse tissue homogenate. The method is 
not necessarily applicable to the study of repopulation of specific hema- 
topoietic cell types, since different hematopoietic tissues give very similar 
protein patterns (text-fig. 1). It should be emphasized, however, that we 
studied only the supernatant protein fractions, principally those with 
esterase activity. 
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TEXT-FIGURE 2.,—Relative quantities of rat and mouse tissue globulins in chimera 
tissues. The ratio, expressed in percentage, of rat globulin (bands B’ and C’ in 
fig. 1) to mouse globulin (bands A and D in fig. 1) is plotted against time after 
treatment. These ratios were estimated by visual comparison of band intensities 
(see text). Each point represents the results obtained from a single animal, and 
points in parentheses are from pooled samples of 5 animals. The standard deviation 
for each point is approximately + 10 percent. 


Changes in over-all protein constitution from mouse to rat type, which 
have been implied by previous cytological and immunological studies, 
have been demonstrated for specific types of proteins in various organs. 
Since rat-type proteins extracted from tissues of chimeras have electro- 
phoretic mobilities typical of corresponding proteins in normal rats, it 
may be inferred that the composition of these rat proteins synthesized in 
the mouse have not been changed by the mouse environment. However, 
only by a direct analysis of the amino acid sequence in these proteins (9) 
could it be determined conclusively whether alterations had occurred. 
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The proportions of rat globulin increased quite steadily in hematopoietic 
tissues of irradiated mouse chimeras (text-fig. 2). By days 14 and 21, 
which is before 100 percent of the circulating erythrocytes derived from 
these tissues are of rat type, the bone marrow and spleen contained 
principally rat-type globulins (2). The proportion of rat-type proteins 
also increased rapidly in the lymph nodes; however, rat-type proteins 
appeared later in the thymus than in other blood-forming organs, as 
noted by Gengozian et al. (5) with serological methods. The presence 
of rat-type proteins implies that these tissues contain cells derived from 
rat bone marrow, but the cell types were not identified in this study. 

Tissue globulin replacement was always less complete in the thymus 
than in other hematopoietic tissues. Cytological studies (10) have shown 
that the cells in the medulla of the thymus are more resistant to radiation 
than are cortical cells. Possibly the thymocytes used by Gengozian were 
largely cells teased from the cortical region. Likewise, in the squash 
preparations studied by Ford et al. (11), most of the dividing thymocytes 
were probably cortical cells, since the rate of mitosis is much more rapid 
in the cortical region. Great diversity was frequently observed among 
different hematopoietic tissues of a given chimera 2 weeks after treatment; 
i.e., tissue globulin replacement tended to be nearly complete in the bone 
marrow and lymph nodes, 40 to 60 percent complete in the spleen, and 
less than 15 percent complete in the thymus. Thus the results in one 
hematopoietic tissue did not always reflect the status of the other tissues. 

The reappearance of mouse-type proteins in the lymph nodes and spleen 
is consistent with observations of graft regression and reversion in chimeras 
(11,12). Mouse-type proteins reappeared even when most of the erythro- 
cytes were of rat type (13). Histological sections of the spleen and lymph 
nodes reveal that proliferating reticulum cells may be a source of thie 
reappearing mouse proteins. 

The histological appearance of the bone marrow, spleen, lymph node, 
and thymus on days 7 to 70, after treatment, was similar to that observed 
by Congdon (14). Marrow sections of animals killed on day 7 showed 
well-advanced regeneration of hematopoietic cells. At 14 days and at 
weekly intervals thereafter, the marrow appeared normal in most animals. 
Marked atrophy of the thymus, lymph nodes, and lymphatic nodules of 
the spleen was usually observed at all periods. Except when the implant 
obviously failed to take, we were unable to correlate specific histological 
findings with the quantity of rat proteins in a particular kind of tissue. 

Although rat proteins were not noted in the serum of the relatively 
healthy chimeras examined in this study, they might, nevertheless, have 
been in serum concentrations of less than 2 percent without being detected. 
Makinodan (14), in a study of the electrophoretic patterns of serum from 
mice given 950 r of X rays and rat bone marrow, found a reduction in the 
albumin-globulin ratio, 5 to 6 weeks after treatment, that resulted from 
an absolute increase in y-globulin and a decrease in albumin. Using the 
double-serum agar diffusion and interfacial techniques, he found no rat 
protein in the serum of the rat-mouse chimeras, which suggested that the 
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increased amount of y-globulin was of mouse origin. On the other hand, 
Weyzen and Vos (16) found small amounts of rat protein, and Grabar et al. 
(17) found large amounts of rat ‘‘y-globulin” in the serum of chimeras 
exhibiting serious heterologous bone marrow reactions. 

That rat serum proteins became detectable in established chimeras 
(100% rat erythrocytes) when they were exposed to 1000 r of X rays 
suggests that breakdown of the rat graft may give rise to the rat proteins 
in the serum of the chimeras (18). Furthermore, rat erythrocytes centain 
two or more protein components that migrate electrophoretically in starch 
gel with a mobility similar to that of rat serum y-globulins. These compo- 
nents are lacking in rat and mouse serums, and only trace amounts are 
found in mouse erythrocytes (figs. 3 and 4). Since it is difficult to dis- 
tinguish between these rat erythrocyte proteins and rat serum y-globulins, 
when the former are released into the serum by hemolysis, the two may 
be confused unless care is taken to avoid hemolysis. 
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PLATE 27 


Figure 1.—Zymogram of normal (101 X C3H)F; mouse and Sprague-Dawley rat 
serum proteins exhibiting esterase activity. Not all the protein bands have been 
characterized. Band H is albumin, bands J and J are q@,-globulins; band @ has 
fast migrating @,-globulins; band A, and probably B and C, contains slowly migrating 
@-globulins; bands D, E, and F are B-globulins. y-Globulin has no esterase activity, 
but it may be stained on the same starch strip with amido Schwarz 10B (see fig. 4). 
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PLATE 28 


Figure 2.--Typical zymograms of chimera proteins. These patterns illustrat: 
replacement of some mouse proteins with those of rat type. Compare with 1 
rat and mouse patterns in text-figure 1. 
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Pare 29 


Fiaure 3.- -Blood proteins. Rat erythrocytes contain proteins with electrophe 
mobilities similar to those of rat y-globulins (see fig. 4 
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Figure 4.—Serum proteins of 


irradiated mouse chimeras. 
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PLATE 30 


(101 


xX C3H)F; mice, Sprague-Dawley rats, 
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Immunological Studies With Nucleoproteins 


From Tissue-Culture Cells. I1. Nucleoproteins 
From HeLa and H.Ep #1 Cells '” 


VITTORIO DEFENDI and JOHN S. COLTER, The 
Wistar Institute of Anatomy and Biology, and the 
School of Medicine, University of Pennsylvania, Phila- 
delphia, Pennsylvania 


SUMMARY 


Antiserums prepared in the rabbit 
against the nucleoprotein fractions 
deoxyribonucleoprotein (DNP) and 
ribonucleoprotein (RNP), which were 
isolated from HeLa and H.Ep #1 cells, 
were tested for their effect on 29 tissue- 
culture cell lines. In the presence of 
complement, the antiserums produced 
destruction of homologous and many 
heterologous cell lines. At higher dilu- 
tions the antiserums were shown to 
cause agglutination of cells without 
any marked cytopathology. DNP and 
RNP were found to have similar spectra 
of activity. However, quantitative 
studies of the rate of cell destruction by 
the antiserums revealed an initial lag 
period in the DNP antiserums—a lag 
not generally seen with the RNP anti- 
serums. Cytotoxic indexes were calcu- 
lated for a number of antiserum-cell 
pairs and showed that the toxicity of 


any particular serum was higher for the 
homologous line than for susceptible 
heterologous lines. Vulnerability of the 
cells to the toxic action of the anti- 
serums was not related to the stated 
species, organ, malignancy, or nonma- 
lignancy of the tissue of origin. The 
tissue-culture cell lines examined 
could be divided into two broad groups: 
(1) those sensitive to HeLa and H.Ep #1 
antiserums, with epitheliallike char- 
acteristics, and (2) those sensitive to 
MCN antiserums, with fibroblast-like 
morphology. No cell line was affected 
by both groups of antiserums, though 
two lines were shown to be unaffected 
by either. Many of the cell lines in 
group 1, but none in group 2, have been 
shown to be capable of supporting the 
growth of poliomyelitis virus.—J. Nat. 


Cancer Inst. 23: 411-426, 1959. 


THE EFFECT of antiserums prepared against nucleoprotein fractions 
isolated from an established cell line (MCN) has been reported in a 


previous paper (/). 


The antiserums exhibited a cytotoxic effect not only 


on the homologous cells but on cells of other lines not related to the MCN 


line, by species or tissue of origin. 


A difference between ribonucleo- 


protein (RNP) and deoxyribonucleoprotein (DNP) antiserums was 
demonstrated by quantitative studies of the rates of cell destruction by 





! Received for publication February 11, 1959. 
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the two antiserums. In the light of these findings, the investigations 
were extended to include antiserums against nucleoproteins of other cel] 
lines. The present report summarizes the results of studies with anti- 
serums against the nucleoproteins isolated from cells of the HeLa and 
H.Ep #1 lines. These lines, both derived from human epidermoid 
carcinomas, originated in separate laboratories (2, 3) and exhibit epithelial- 
like morphology. Although antiserums against HeLa cells have been 
studied by various investigators (4-9), no attempt was made to determine 
the chemical nature of the antigens. No reports on antiserums against 
H.Ep #1 cells have been found. 


MATERIALS AND METHODS 


HeLa and H.Ep #1 cells for the isolation of the antigens were grown 
in suspended cell cultures according to the method developed by Wallace 
et al. (10). The cells were collected by centrifugation, washed several 
times in saline, and frozen rapidly in an alcohol-dry ice bath. The RNP, 
DNP, and “soluble-protein” fractions were isolated by the method pre- 
viously described for the isolation of these fractions from Ehrlich ascites 
carcinoma cells (11). 

The frozen cells were placed in a mortar set in an alcohol-dry ice bath, 
and ground by hand to a fine homogeneous powder, which was then 
mixed thoroughly in a Waring blendor with 0.14 m NaCl and 0.01 
sodium citrate, pH 7.0. Nuclei were separated from the suspension by 
low-speed centrifugation, washed repeatedly in saline-citrate, and the 
DNP was extracted by prolonged shaking (12 to 16 hours) with distilled 
water. DNP was precipitated from the filtered extract by the addition 
of 1 m NaCl to give a final concentration of 0.14 m NaCl. The nucleo- 
protein was separated by centrifugation and was further purified by 3 
additional cycles of dissolution in distilled water and precipitation at 
0.14 m NaCl concentration. Finally, it was separated from distilled 
water solution by lyophilization. 

RNP was precipitated from the supernatant remaining after the 
removal of the nuclei by adjusting the pH to 4.5. The crude nucleo- 
protein was collected by centrifugation, washed twice in 0.5 m NaCl, 
twice in distilled water, and then was dissolved in distilled water by 
adjustment of the pH to 6.8-7.0. After standing for several hours at 
0° C., the solution was centrifuged for 30 minutes at 10,000 rpm (Model 
SS-1 Servall centrifuge), and the clear supernatant containing the RNP 
was carefully removed. The RNP was subjected to 3 additional cycles 
of precipitation at pH 4.5 and dissolution at pH 6.8-7.0 before being 
separated from distilled water solution by lyophilization. 

A third fraction, herein referred to as “soluble protein,’’ was obtained 
by dialysis and lyophilization of the supernatant remaining after precipi- 
tation of the crude RNP from the cytoplasmic extract. 
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The chemical compositions of the fractions from HeLa and H.Ep #1 
cells and of the previously described MCN cell fractions (1) were es- 
sentially identical. The RNP fractions contained 20 to 22 percent 
ribonucleic acid, and the DNP fractions 36 to 40 percent deoxyribonucleic 
acid. Six to 8 percent of the nucleotide phosphorus in the DNP fraction 
was ribonucleotide phosphorus, possibly reflecting the presence of some 
nuclear RNP in this fraction. No deoxyribonucleotide phosphorus was 
present in the RNP fractions. 

Antiserums were prepared by 2 different methods. In the first method, 
rabbits received intravenous injections, twice weekly for 4 weeks, of 2 
ml. of a distilled water solution of antigen that contained 10 mg. per ml., 
and were bled 10 days after the final injection. In the second method, 
rabbits received intramuscular injections of 4 ml. of antigen—Freund’s 
adjuvant mixture that contained 4 mg. antigen per ml.—once a week for 
4 weeks, and were bled 2 weeks after the final injection. All serums 
were sterilized by filtration and stored at 4° C. Each serum represented 
a pool from at least 3 rabbits, and in each instance normal serum was 
collected from the same rabbits before immunization and was used as a 
control in all the experiments which follow. 

The cell lines against which the antiserums were tested for cytotoxicity 
were obtained from a number of laboratories. All were cultivated in 
media consisting of serum plus Eagle’s synthetic basal medium (1/2) 
supplemented by the addition of sodium carbonate (1 gm./liter) and 
glycine, asparagine, serine, and alanine, at final concentrations of 1 mmole. 
Penicillin and streptomycin were added to give final concentrations of 
250 units and 50 y, respectively. Five percent serum was used in the 
media for all cells, with the exception of the Wistar lines (W-6—W-12) and 
the human amnion (Fogh), which were propagated in media containing 
10 percent serum. Human placental serum was used for the J—96, J—11, 
human pituitary (W-6 and W-12), and ERK (a) lines; calf serum for 
the human kidney, bovine muscle, W-7, W-8, and W-11 lines; and rabbit 
serum for the ERK (b) line. Horse serum was used in the medium for 
all other cell lines examined. The effect of the antiserums was evaluated 
by the microscopic examination of cells growing on glass in roller or 
Leighton tubes, and by the method of unstained cell count. In most 
instances both techniques were employed. 

For the first method, cells were harvested mechanically from stock 
cultures and were suspended in fresh medium at a final concentration 
of 600,000 cells per ml. One-ml. aliquots of cell suspension were delivered 
to culture tubes from a glass stirring apparatus of the type described by 
Evans et al. (13). Four culture tubes—two 16 X 150 mm. pyrex tubes 
and two Leighton tubes with a flattened end to accommodate a coverslip— 
were used for each antiserum and for the normal rabbit serum. After 
incubation at 37° C. for 24 hours, each tube received 0.1 ml. of antiserum 
or normal rabbit serum at a final concentration of 1:20 and was returned 
to the incubator. Microscopic observations of the cultures were made 
immediately after the addition of the serums and periodically thereafter 
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during the next 48 hours. Coverslip cultures were taken from each 
group at intervals, fixed in Bouin’s solution, and stained with hematoxylin 
and eosin. 

In the second method, cells were obtained from stock cultures by 
trypsinization, washed twice to remove trypsin, and resuspended in fresh 
medium. Suspensions were accepted for testing only when clumps of 
cells represented no more than 5 percent of the cell population. To 
aliquots containing 500,000 cells were added 0.1-ml. volumes of various 
dilutions of antiserum or preimmunized rabbit serum, 0.1-ml. volumes 
of a solution of guinea-pig complement (90 U/ml.),* and saline, to bring 
the final volumes to 2 ml. Cell suspensions were incubated in a shaking 
incubator (22° C., 150 cycles/minute), and at frequent intervals 0.1-ml. 
samples were removed and mixed in a proportion of 1:5 with a 1:1000 
saline solution of eosin or trypan blue. After 2 to 3 minutes, the cells were 
examined under a microscope in a hemocytometer chamber, and an 
average of 250 to 300 cells was counted to determine the percentage of 
stained cells. The uptake of dye reflects a damaged condition of the 
cell from which it does not recover. Identical results were obtained 
with the 2 dyes. Some of the cell lines were more sensitive than others 
to the trypsin treatment and to the washing, but in no instance was the 
number of cells which absorbed dye at the beginning of the experiment 
greater than 5 percent of the total cell population. Although the cells 
used in this study were obtained from cultures of different ages and of 
different degrees of cell density, no variations in the number of cells that 


were stained at zero time were observed within any individual cell line. 


RESULTS 


Effect of HeLa and H.Ep #1 Antiserums on Homologous Cell Lines 


Incubation of HeLa and H.Ep #1 cells with the corresponding DNP 
or RNP antiserum resulted in a series of alterations characteristic of the 
cytotoxic action of the antiserums in the presence of complement. Briefly, 
the nature and sequence of the changes was as follows: (1) breakage and 
rounding of the mitochondria, (2) destruction of the endoplasmic reticulum 
with leakage of protein and ribonucleoprotein from the cell, (3) condensa- 
tion of the chromatin in the nucleus, and (4) karyorrhexis and almost 
complete loss of cytoplasmic components. The same cytopathogenic 
effect was observed with both RNP and DNP antiserums, though the 
time interval required for the initiation of this sequence of events was 
somewhat longer for the DNP than for the RNP antiserum. The cyto- 
toxic effect was abolished by heating the antiserums at 56° C. for 1 hour, 
and was restored by the addition of guinea-pig complement. Antiserums 
against the “soluble-protein”’ fraction or normal rabbit serum were never 
found to be cytotoxic under the experimental conditions described. 


§ Vacseal Complement Lyophilized, Carworth Laboratories, Inc., New York, N.Y. 
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Data obtained from quantitative studies of the rate of cell destruction 
by antiserums, with the use of the dye-uptake method, are illustrated in 
text-figures 1 and 2. After an initial lag period, a linear relationship 
exists between the percentage of unstained (viable) cells and the time of 
incubation. A constant K, the cytotoxic index, was calculated for each 
antiserum-cell pair from the expression 


log * = 0.43 Kte 


in which P, is the percent of viable cells present at a time when the curve 
is linear, P the percent of viable cells after an additional ¢ minutes of incu- 
bation, and ¢ is the concentration of antiserum. For each antiserum-cell 
system the value of K is found to be constant over a range of antiserum 
concentration 1:25 to 1:100 and is a measure of the cytotoxicity of the 
antiserum for the particular cell line under investigation. 

That these experiments were carried out in the presence of excess 
antibody was shown by the following experiment: The cytotoxic index K 
of HeLa RNP antiserum for HeLa cells was measured as described, at 
aserum dilution of 1:100. The cells were then removed by centrifugation, 
and K was recalculated for the supernatant, with fresh cells and comple- 
ment. It was found to be unchanged. 
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TEXT-FIGURE 1.—Effect of different dilutions of RNP and DNP HeLa antiserums 
on the rate of cell destruction. (Suspension of 500,000 HeLa cells at 22° C.) 
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TEXT-FIGURE 2.—Effect of different dilutions of RNP and DNP HeLa antiserums on 
the rate of cell destruction. (Suspension of 500,000 H.Ep #1 cells at 22° C. 


The length of the lag period is related both to the type and to the concen- 
tration of antiserum used. A lag period was demonstrable only at lower 
concentrations of RNP antiserum, but was seen at all but the highest 
concentration of DNP antiserum. Furthermore, at antiserum concentra- 
tions in which the rate of killing of the cells was approximately equal, the 
lag period with the DNP antiserum was at least double that seen with the 
RNP antiserum. This phenomenon occurs with both HeLa and H.Ep 
#1 antiserums, and confirms a similar finding with the MCN antiserums 


(1). 
Adsorption Experiments 


The effect of adsorption, with a number of antigen preparations and 
with intact cells, on the cytotoxicity of HeLa, RNP, and DNP antiserums 
was studied. Antiserums were incubated for 24 hours at 4° C. with the 
antigens (23 mg./ml.), after which they were centrifuged for 1 hour at 
16,000 rpm (Spinco Model L ultracentrifuge) and the clear supernatants 
carefully removed. Adsorption with intact cells was for 2 hours at 4° C. 
and at a cell concentration of 20 X 10° per ml. Cells were removed after 
incubation by centrifugation at 1500 rpm. 

In this series of experiments, the titers of the antiserums, both treated 
and untreated, were established in the following manner: Aliquots (0.8 
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ml.) of a HeLa cell suspension that contained 800,000 cells per 0.8 ml. 
were incubated for 2 hours at 37° C. with 0.1-ml. volumes of guinea-pig 
complement and 0.1-ml. volumes of serial dilutions of antiserum. After 
incubation, the ratio of viable to nonviable cells was determined by the 
unstained cell-count technique previously described. The 50 percent 
end points were calculated according to the method of Reed and Muench 
(14), and the results are shown in table 1. Untreated HeLa, DNP, and 
RNP antiserums had LD50 titers of 1:60 and 1:125, respectively. The 
cytotoxic activity of both was completely removed by adsorption with 
HeLa cell DNP. However, adsorption of the serums with the ‘‘soluble- 
protein” fraction of HeLa cells or with the RNP fraction of MCN cells, 
a line that is resistant to the HeLa antiserums, was without effect on the 
cytotoxicity of the two antiserums. Similarly, cytotoxic antibodies were 
removed by adsorption with the vulnerable HeLa cell but not by L cells, 
which are insensitive to the HeLa antiserums. Large quantities of anti- 
gens or whole cells are required to remove completely the cytotoxic anti- 
bodies from these serums. 


TaBLeE 1.—Effect of adsorption with various antigens and intact cells* on cytotoxicity 
of HeLa nucleoprotein antiserums f 











Antigens 
Unadsorbed 
Antiserum serum HeLa DNP HeLa‘“‘S.P.” MCN RNP “L” cells HeLa cells 
HeLa RNP 1:125 ot 1:115 1:120 1:120 1:15 
HeLa DNP 1:60 Ot —— — 1:150 1:10 





*Serums were adsorbed with antigen preparations (23 mg./ml.) for 24 hours at 4° C. and with intact cells (20x 
10*/ml.) for 2 hours at 4° C. 

tTable shows titer expressed as the dilution of antiserum that reduced the number of viable HeLa cells by 50 
percent in 2 hours under standard assay conditions. 

tUndiluted serums were devoid of detectable cytotoxicity. 


Agglutination 


In the experiments concerned with the effect of antiserums on cells 
growing on glass, agglutination was occasionally observed when the system 
was deficient in complement or when the serum was applied at subcyto- 
toxic levels. Under these conditions, the cell sheet broke and clumps of 
cells were formed. It was shown by the dye-uptake test that the only 
nonviable cells were at the periphery of such clumps. When fresh, anti- 
serum-free medium was substituted, growth of the cells inside the clumps 
resumed and proceeded normally. 

The agglutination phenomenon was more satisfactorily studied by 
examining the effect of serial dilutions of antiserums on cells in suspension. 
Illustrative data are shown in table 2. Moderate agglutination of HeLa 
cells was observed at dilutions of untreated antiserums in which 70 to 80 
percent of the cells remained viable. At higher dilutions, agglutination 
became more pronounced and was maximal at serum dilutions in which 
all the cells remained viable. Marked agglutination was produced by 
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antiserums that had been adsorbed with either HeLa DNP or intact 
HeLa cells. In the adsorbed serums, which were virtually devoid of 
cytotoxic activity, agglutination decreased progressively with a decreasing 
concentration of serum. 

From these data it is clear that agglutination is observed at higher dilu- 
tions than cytotoxicity, and that the capacity of the antiserums to ag- 
glutinate cells is, like their capacity to destroy cells, reduced by adsorption 
with antigen or intact HeLa cells. Whether or not the agglutinating and 
cytotoxic effects are produced by the same antibodies is not clear. If 
the two effects are caused by two distinct antibodies, the failure to demon- 
strate agglutination at low dilutions of serums may be explained by as- 
suming that a prozone phenomenon occurs when there is an excess of 
agglutinating antibody, or that the “cytotoxin” completely damages the 
cellular structure (cell surface) essential for the agglutination phenomenon. 
An alternative explanation would be to consider the agglutinating and 
cytotoxic effects not as qualitatively different but as manifestations of 
the same process at different degrees of intensity. 


Effect of HeLa and H.Ep #1 Antiserums on Heterologous Cell Lines 


The cell lines against which the antiserums were tested are listed in 
table 3. The sensitivity of these cells to MCN antiserums is also shown 
in this table, for orientation, and because the effect of MCN antiseru:is 
on some of the cells had not been examined at the time the first paper in 
this series was published. Most cells—and all those with epithelial-like 
morphology—were vulnerable to the action of the antiserums. The 
spectrums of activity of the RNP and DNP antiserums from HeLa and 
H.Ep #1 cells were identical, and in all instances the nature and sequence 
of the cellular changes produced by the cytotoxic action was similar. 

In an effort to demonstrate differences in the susceptibility of the 
various cell lines to these antiserums, the cytotoxic indexes of the HeLa 
and H.Ep #1 antiserums for some representative cell lines were calculated. 
The results are reported in table 4. Each value in this table represents 
the mean of K values obtained from 3 to 5 experiments, in each of which 
at least two dilutions (1:50 and 1:100) of antiserum were used. Under 
the experimental conditions (see earlier section), the value of K for each 
antiserum-cell pair was reproducible (coefficient of variability = 15%). 

From the data in table 4, certain facts are evident. The cytotoxic 
indexes of the HeLa and H.Ep #1 antiserums are, in general, highest 
with the homologous cell lines. The single exception is provided by the 
H.Ep #1 RNP antiserum, which destroys HeLa and H.Ep #1 cells at 
comparable rates. In all other systems that contain a heterologous line, 
the K values are significantly lower than those obtained with the cor- 
responding homologous cell system. Furthermore, within the heterolo- 
gous cell lines studied, differences in vulnerability to the antiserums are 
seen. This is particularly evident in the H.Ep #1 antiserums, in which 
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TasLe 4.—Cytotoxie indexes (K) of HeLa and H.Ep #1 nucleoprotein antiserums 
for representative tissue-culture cell lines* 

















Cell lines 
Antiserum HeLa H.Ep #1 Detroit 6 KB Drew line Human liver 
HeLa DNP..... 350 150 80 80 60 80 
Hela BNY...-- 590 180 120 180 90 150 
H.Ep #1 DNP.. 30 180 30 40 5 5 
H.Ep #1 RNP.. 150 140 80 120 70 20 
logis Pe 
*Calculated from: K = tea" See text for explanation. 


the cells may be arranged: human liver, Drew line, Detroit 6, KB, and 
HeLa, in order of increasing sensitivity to the antiserums. 


DISCUSSION 


The present report, which describes the results of experiments with 
antiserums against nucleoproteins isolated from HeLa and H.Ep #1 
cells, essentially confirms the conclusions reached in the first paper of 
this series. Some of the results reported here are comparable to those 
obtained by other investigators. Thus, it is evident that the production 
of antibodies that are active in a tissue-culture system can be elicited 
by employing whole-cell preparations as antigens (5-9), disrupted cells 
(4), or nucleoprotein fractions. In all instances these cytotoxins produce 
irreversible cellular damage and death in the presence of complement 
or fresh serum. 

The titers of the antiserums described herein, though low, are of the 
same order of magnitude (1:100 to 1:125) as those described by other 
investigators, with the exception of the HeLa antiserum described by 
Habel et al. (15), which had a titer of 1:375. On the other hand, it 
must be realized that immunization schedules and routes of antigen 
administration differed, that the amount of antigen employed was not 
always indicated, and that the tests were performed with cells growing 
on glass. It is difficult to make such tests quantitative, and the results 
are less reliable than those obtained with suspended cells, in which the 
viability of each individual cell can be assessed on the basis of dye uptake. 
The validity of the dye-uptake method used in these investigations was 
verified by studying the plating efficiency of S-3 HeLa cells after exposure 
to HeLa antiserums (1/6). After various periods of incubation, the 
percentage of unstained cells was compared with the percentage of cells 
able to multiply on glass. The two sets of data were found to be in very 
close agreement, even with respect to the shapes of the time-viability 
curves obtained with DNP and RNP antiserums. 

It is difficult to draw any conclusions regarding the nature of antigens 
capable of eliciting the production of cytotoxic antibodies or their unique- 
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ness as antigenic entities. Although the antiserums used in the present 
studies were prepared with antigens that were chemically defined with 
respect to their nucleic-acid composition, it is not clear that they contain 
different cytotoxic antibodies. The DNP and RNP antiserums have 
more properties in common than properties that differ: They share a 
similar spectrum of activity; each manifests cytotoxic as well as aggluti- 
nating properties; and, at high concentrations, one antigen adsorbs the 
cytotoxic antibodies elicited by the other. However, the curves express- 
ing the relation between cell destruction and time of incubation are 
different. A lag period, during which there is essentially no decrease 
in the number of viable cells, is observed with both HeLa and H.Ep #1 
DNP antiserums. This is in contrast to the curves with the corresponding 
RNP antiserums and confirms observations previously made with MCN 
antiserums (/). 

The observation that antiserums produced with intracellular antigens 
are capable of causing agglutination is rather puzzling. This phenomenon 
may reflect contamination of the nucleoprotein fractions with other 
antigens of cell-surface origin—mucopolysaccharides, for example. Ribo- 
nucleoprotein particles have been described as being in contact with most 
intracellular membranes, and the presence of ribonucleoprotein particles 
on the surfaces of cells of the amphibian gastrulae has been reported 
recently (17). The possible multiplicity of antigens in our nucleoprotein 
preparations is currently being investigated by the agar-diffusion technique. 

One of the original objectives of this work was to investigate the pos- 
sibility that mammalian cells could be characterized immunologically 
by cytotoxic antibodies. Antiserum against unfractionated HeLa cells 
has been shown to be cytotoxic for established cell lines derived from 
normal human tonsillary epithelium and normal human skin (7) and for 
H.Ep #1, H.Ep #2, and H.Ep #3 cells, which originated from different 
human carcinomas (4). Miller and Hsu (6) tested HeLa antiserum on a 
variety of primary cultures of fibroblast and epithelial cells from the 
skin of human adults and newborn infants, and from children’s tonsils, 
and found that it produced characteristic cytotoxic changes in most of 
them. The ability of HeLa cell antiserum to fix complement with a 
variety of other cell lines has been reported by Coriell et al. (8, 18). In 
the investigations reported here, the susceptibility of cells to HeLa and 
H.Ep #1 nucleoprotein antiserums was related neither to the species or 
organ from which the cells were derived nor to the state (normal or 
malignant) of the tissue of origin. 


The fact that a wide range of cells proved to be vulnerable to HeLa 
and H.Ep #1 antiserums was disappointing. We had hoped that nucleo- 
proteins, which comprise the genetic material of the cell, would stimulate 
the production of antibodies with some degree of specificity. However, 
studies of clonal isolations of cells growing in tissue culture (/9) and 
similar studies with ascites tumors (20) would seem to justify the con- 
clusion that the cell populations from which our antigens were isolated 
consisted of cells with different properties and genetic structures. The 
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extent to which this heterogeneity exists within the population of one 
cell strain and the degree to which there is overlapping between various 
cell lines are among the most fundamental questions presently confronting 
workers in the tissue-culture field. 

When cells are adapted to grow in vitro, a selective pressure is applied 
toward a single common biological property: the ability to survive and 
multiply indefinitely under a set of artificial conditions that are similar 
for all cell lines, regardless of their origin. Therefore, in order to survive 
as an established strain, alterations must occur in the genetic composition 
of the cells. The aneuploidy observed in most established tissue-culture 
cell lines (21, 22) or in ascites tumors (23) seems to be the morphological 
expression of successful adaptation. The presence of common antigen(s) 
in many established tissue-culture cell lines, regardless of their species or 
tissue of origin, has been tentatively explained by some authors (18) as 
a reversion to a@ common, primitive cell type. Although this is an in- 
triguing concept, it seems improper to speak about reversion to something 
that is unknown in normal embryological development. Moreover, it is 
difficult to visualize a metazoan “primitive” cell with an aneuploid 
chromosome complement. Instead of a hypothetical ‘reversion or de- 
differentiation,” it is more probable that during the ‘continuous propaga- 
tion in vitro a new cell is produced, which is characterized by a loss or 
weakening of specific antigen(s) and a progressive acquisition of a com- 
mon antigen(s). 

In an explanation of the large number of cell strains vulnerable to 
HeLa and H.Ep #1 antiserums, the possibility of contamination of the 
cell lines with one cell type (HeLa or H.Ep #1 in the experiments reported 
here) must be considered. For example, data have been obtained from 
studies of chromosome number and pattern (24) and induction of trans- 
plantation immunity to skin grafting (25), which suggest that the MCN 
line, originally derived from human tissue, may actually be a line of 
mouse origin (“L”’ cell?). It is possible that, among the cell lines sus- 
ceptible to HeLa and H.Ep #1 antiserums, some had been contaminated 
with and were actually HeLa cells. However, it is highly improbable 
that all the sensitive cell lines could be so classified. A comparison of the 
cytotoxic indexes of HeLa and H.Ep #1 nucleoprotein antiserums (table 
4) shows that when the antiserums were tested against the homologous cell 
lines, the cytotoxic indexes were higher than when the same antiserums 
were tested against other cells, which indicates some sort of immunological 
relationship, but not identity, among the various cell types. It could 
be of further interest to test the HeLa cells carried in various laboratories. 
It should be recalled that the susceptibility of the cell lines was not related 
to the species of serum used in the growth medium, thus excluding the 
serum proteins as the source of the common antigen(s). The importance 
of establishing a cytotoxic index for each antiserum-cell pair is emphasized 
by the finding that cell lines, which at maximal doses of antiserum are 
affected in an indistinguishable manner, show substantial differences in 
behavior when a quantitative criterion is applied. 
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If the cytotoxic spectrums of the MCN (1), HeLa, and H.Ep #1 
antiserums are compared, it is apparent that, of the cell lines destroyed 
by the MCN antiserums, none is affected by the HeLa and H.Ep #1 
antiserums, and vice versa. Two cell lines only, the 14p and a line of 
canine thyroid cells, are unaffected by any of the antiserums. The cell 
lines sensitive to HeLa and H.Ep #1 antiserums have “epithelial” charac- 
teristics, and many of them have been shown to support the growth of 
poliomyelitis virus, while the cell lines sensitive to MCN antiserums 
have “fibroblast” morphology and are resistant to poliomyelitis virus, 
Three categories of cells can then be distinguished on the basis of sensi- 
tivity to certain antiserums. Within each category, differences in sensi- 
tivity to the antiserums can be demonstrated. Thus, to the various 
criteria for differentiating tissue-culture cell lines, such as viral sensitivity 
(26), ability to induce tumors (27), and chromosome complement (22), 
can be added sensitivity or resistance to the toxic action of certain anti- 
serums. This differential sensitivity can, moreover, be used for the 
analysis of mixed-cell populations, and for the selection, from such 
mixed populations, of cell types of different morphological characteristics 
and viral sensitivity (28). 
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Recent Changes in Relative Frequency of 
Various Histologic Types of Bronchogenic 
Carcinoma ' 


DAVID M. SPAIN, M.D., Department of Pathology, 
College of Physicians and Surgeons, Columbia Uni- 
versity, New York, New York 


SUMMARY 


A review and reclassification of allcases _ pared to that of adenocarcinoma shifted 
of bronchogenic carcinomaintheentire progressively from a 0.66-1.0 ratio to a 
adult autopsy population, from 1912 3 75.1.9 ratio; in the female this has 
to 1956, at the Presbyterian Hospital changed from a 0-1.0 ratio to a 1.5=1.0 
in New York revealed, in both sexes, patio, In both sexes there also appears 
a progressive change in the relative +4 have been an absolute increase in 
frequency of squamous-cell and undif- squamous-cell and undifferentiated 
fesentinted ag ee to carcinoma. This increase has been 
adenocarcinoma. In males and fe- : 

males the autopsy incidence of adeno- much or pronounced in the male. 
carcinoma has remained relatively The shift in this ratio also appears to 
constant over this 45-year period. In have begun 10 to 20 years later in the 
the male the ratio of squamous-cell female than in the male.—J. Nat. 
and undifferentiated carcinoma com- Cancer Inst. 23: 427-434, 1959. 


RECENT STUDIES indicate an association between a history of ciga- 
rette smoking in females and the occurrence of undifferentiated and 
squamous-cell carcinoma of the bronchus (1-3), but no such significant 
association has been observed with adenocarcinoma of the bronchus. 
The same situation has also been found in males. If the smoking of 
cigarettes, or any other noxious environmental factor such as air pollution, 
is associated, especially, with the increase in incidence of undifferentiated 
and squamous-cell types and not with adenocarcinoma, then during the 
past 50 years a relative and absolute change in the frequency and ratio 
of these histologic forms should have occurred. A study in Norway 
indicated such a trend (4). A review by O’Neal et al. of autopsies in one 
institution in this country revealed that all histologic types of broncho- 
genic carcinoma participated to the same extent in the increased incidence 
of this tumor (5), but examination of their detailed data does not support 
this conclusion. Their tables show no increase in adenocarcinoma over 
the past 20 years. The primary purpose of this study was to determine 
whether there was any progressive change in the relative frequency of 
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undifferentiated and squamous-cell carcinomas compared to adenocarci- 
noma of the bronchus, in both males and females, over the past 45 years. 


MATERIALS AND METHODS 


Difficulties are encountered in any study which entails a classification 
of bronchogenic carcinoma over the past 50 years, such as the variations 
in criteria for histologic classification and the nonavailability of original 
material for review. 

At the Presbyterian Hospital these difficulties are minimized because 
complete and detailed autopsy data from 1910 to the present are available 
for review. Earlier in this period, when histologic slides were no longer 
available, photomicrographs of the lesions were appended to each protocol. 
These photomicrographs, in combination with detailed histologic descrip- 
tions, sufficed for satisfactory review and reclassification when necessary, 
according to the criteria of the author. More recently, in addition to 
the detailed descriptions in the protocol, histologic sections were available 
and all were reviewed by one individual, for consistency. Wherever 
possible this was done without prior knowledge of the sex or exact period 
of the case under review. Fifty-one of the lesions were restudied on the 
basis of photomicrographs and histologic descriptions. Of these, only 
two cases required a shift from one group under consideration to another. 
These were changed from a classification of “mixed carcinoma”’ into the 
adenocarcinoma group. Several changes were made in regard to squa- 
mous-cell and undifferentiated carcinoma but these changes are not 
pertinent to this study. The remaining cases were restudied on the 
basis of slides and protocols. Again, it was not necessary to change any 
of the adenocarcinoma group. Seven cases classified as carcinomas, with 
no further designation, were placed in the adenocarcinoma group. It 
has been the experience of this observer that histologic variability of 
bronchogenic tumors from one group to another usually represents 
various stages of differentiation. Only rarely are there truly mixed 
elements, such as a combination of adeno and squamous elements in the 
same tumor. 

All autopsies of adults, over the age of 20, from 1912 through 19356, 
were restudied. The bronchogenic carcinomas were classified into 
squamous-cell carcinoma, undifferentiated-cell carcinoma, and adeno- 
carcinoma. The criteria for classification as squamous-cell carcinoma 
required at least one of the following characteristics: the presence of 
keratin and pearl formation, intercellular bridges, or distinct sheaths of 
squamous-type cells. The criteria for classification as an undifferentiated 
carcinoma was based on the absence of any of these characteristics and 
the absence of any tendency to form glandular structures. Oat-cell 
carcinoma was included in this group. Any carcinoma in which there 
was definite gland formation was classified as adenocarcinoma. This 
included mixed patterns that contained acini. It is recognized that 
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differences in criteria exist for differentiating squamous-cell from undiffer- 
entiated-cell carcinoma. These differences caused no concern, since for 
the purposes of this study the squamous-cell and undifferentiated carci- 
nomas were grouped together. As previously indicated, if any bias 
existed at all it was in placing doubtful cases in the adenocarcinoma 
group, since any definite gland formation resulted in classifying the tumor 
as an adenocarcinoma. 

A total of 5,451 male and 4,779 female autopsies were grouped into 5 
periods from 1912 through 1956. The 1942-46 group was the only one 
that did not include a 10-year period, and this was purposely separated 
to correspond with the years of World War II, when a large proportion 
of the male population was in the Armed Forces. Any distortion of the 
civilian male autopsy population during this time might then be recog- 
nized. As it developed, this did not prove to be necessary. Sixteen 
autopsies that fulfilled the criteria for terminal bronchiolar or alveolar 
carcinoma were excluded from the study. Six of these were originally 
classified as adenocarcinoma with no further classification. These 16 
were distributed at random throughout the entire period under study 
and were almost equally divided as to sex. There was no peak age dis- 
tribution. Because of the small number in the entire group, any classiii- 
cation errors relative to these cases could not be significant. 


RESULTS 


The detailed findings are recorded in tables 1 and 2 and are shown 
graphically in text-figures 1 and 2. The increase in the autopsy incidence 
of bronchogenic carcinoma was considerably greater in the male than in 
the female. This is similar to other studies. Furthermore, during this 
45-year period there was no significant increase in the incidence of adeno- 
carcinoma in either the male or the female that could not be adequately 
accounted for by the progressively increasing age of the autopsy popula- 
tion. In the male, during 1912-21, 0.52 percent of the autopsies showed 
adenocarcinoma of the bronchus. From 1947 to 1956, this had only 
risen to 1.2 percent. Adenocarcinoma in the male has actually remained 
stable at the latter figure for the past 25 years. In the female, 0.21 
percent of the autopsies had bronchogenic carcinoma from 1912 to 1921. 
For the past 35 years the autopsy incidence of adenocarcinoma of the 
bronchus in the female has remained at approximately 0.65 percent. In 
contrast to this, in the male, the combined grouping of undifferentiated 
and squamous-cell carcinomas has risen from an autopsy incidence of 
0.34 to 4.3 percent. In the female it has risen from a zero incidence 
during 1912-31 to an incidence of 0.98 percent during 1947-56. 

In the latter half of this study it is recognized that many patients had 
been treated surgically. Many of these with an established diagnosis of 
carcinoma during life would not be reflected in the autopsy population. 
There is less incentive to obtain an autopsy on a surgically treated patient 
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TaBLeE 1.—Autopsy incidence of squamous-cell and undifferentiated bronchogenic 
carcinoma in females compared to that of adenocarcinoma 





Undifferentiated and 
Female adult squamous-cell car- 
autopsies cinoma Adenocarcinoma 
Period (number) (number and percent) (number and percent) 





1912-21 416 0 (0) 1 (0.21) 
1922-31 775 0 (0) 5 (0.64) 
1932-41 1386 5 (0.35) 9 (0.64) 
1942-46 675 4 (0.58) 5 (0.75) 
1947-56 1527 15 (0.98) 10 (0.65) 

24 (0.55) 30 (0.63) 








TaBLE 2.—Autopsy incidence of squamous-cell and undifferentiated bronchogenic 
carcinoma in males compared to that of adenocarcinoma 





Undifferentiated and 
Male adult squamous-cell car- 
autopsies cinoma Adenocarcinoma 
Period (number) (number and percent) (number and percent) 





1912-21 576 2 (0.34) 3 (0.52) 
1922-31 874 12 (1.3) 4 (0.45) 
1932-41 1564 50 (3.2) 19 (1.2) 
1942-46 774 31 (4.0) 9 (1.1) 
1723 75 (4.3) 20 (1.2) 
5511 170 (3.1) 55 (1.1) 








TABLE 3.—Age distribution—bronchogenic carcinoma 





Under 41 41-50 51-60 61-70 Over 70 





Squamous-cell and undifferentiated 
carcinoma 45 67 58 14 


25 27 19 6 
70 94 77 20 





whose case had been established by diagnosis. To determine whether 
this would produce a significant distortion, the most recent 100 consecutive, 
surgically treated patients who were not autopsied were surveyed and the 
cases classified according to the same criteria into the various histologic 
types. Ninety-one of these patients had either undifferentiated or squa- 
mous-cell carcinoma and only 9 had adenocarcinoma. There were 3 
females in this group, 2 of whom had squamous-cell carcinoma. Any 
distortion of the autopsy figures that might be reflected because of the 
alteration of the autopsy population as a result of surgical treatment would 
again only reinforce the bias toward adenocarcinoma. An examination 
of the age distribution of the patients with bronchogenic carcinoma 
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TasLe 5.—Frequency of other forms of carcinoma during same period in same autopsy 
series 





Carcinoma of Carcinoma of 
Adult stomach kidney 
autopsies (Number and per- (Number and per- 
Period (Total No.) cent) cent) 





1912-21 992 41 (4.1) 28 (2.8) 
1922-31 1649 64 (3.8) 53 (3.2) 
1932-41 2950 81 (3.1) 89 (3.3) 
1942-46 1449 46 (3.2) 61 (4.3) 
1947-56 3250 107 (3.3) 156 (4.7) 





(table 3) and the comparative age distribution of the total adult autopsy 
population in the periods 1922-31 and 1946-56 (table 4) indicate that the 
shift in age distribution cannot account for the findings in this report. 
Furthermore, frequency figures of other forms of carcinoma (stomach and 
kidney) over the same period in this same autopsy series indicate no 
change in the magnitude seen in bronchogenic carcinoma (table 5). 


DISCUSSION 


The small number of cases of bronchogenic carcinoma, particularly in 
the female, in the earlier periods of this study, and the inherent well- 
established dangers in formulating any generalizations based upon findings 
in an autopsy population preclude any exact statistical determination of 
the change in ratio between the various histologic forms of bronchogenic 
carcinoma. However, the findings in this study indicate a fairly definite 
and significant shift in the relative incidence of squamous-cell or undiffer- 
entiated carcinoma compared to adenocarcinoma of the bronchus. This 
progressive shift appears to have begun in the female from 10 to 20 years 
later than in the male. In the female, during the earlier period, adeno- 
carcinoma was practically the only histologic form noted, whereas at 
present the combined grouping of squamous-cell and undifferentiated 
carcinoma have superseded it. In the male this change has been even 
more pronounced and, if one adds the surgical cases, the change in ratio 
becomes even greater. 

The findings in this study lend indirect support to the thesis that 
environmental agents, such as smoking of cigarettes and/or air pollution 
are more specifically related to the increased incidence of the squamous- 
cell and undifferentiated forms of bronchogenic carcinoma in both the 
male and the female. The distribution and types of bronchogenic 
carcinoma in the autopsy series at this institution appear to be repre- 
sentative of those seen in other autopsy studies, since the topographical 
age and sex distribution were similar. 
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Growth Inhibition of Homografts of a Plasma- 
Cell Neoplasm in Cell-Impenetrable Diffusion 
Chambers Placed in Hyperimmunized Mice ' 


GLENN H. ALGIRE,’ Laboratory of Biology, National 
Cancer Institute,’ Bethesda, Maryland 


SUMMARY 


Most of the homografts of the plasma- 
cell neoplasm 70429 grew, if they were 
placed in cell-impenetrable diffusion 
chambers in untreated mice or in mice 
that had received one immunizing dose, 
but most were destroyed or inhibitied 
in their growth, if placed in hyperim- 
munized hosts. Other homologous 


cells, however, transplanted into hyper- 
immunized hosts with the tumor cells, 
survived and grew. Thus, homografts 
of some, but not all, types of cells are 
destroyed or inhibited in their growth 
in hyperimmunized hosts, without the 
perticipation of host cells.—J. Nat. 
Cancer Inst. 23: 435-439, 1959. 


IN PREVIOUS studies it was found that homografts survived in cell- 


impenetrable diffusion chambers even in immunized hosts (J, 2). The 
homografts were destroyed, however, when cells of an immunized mouse 
could enter or were introduced into the chambers (3). These experiments 
suggested that serum alone from an immunized host could not destroy 
homologous cells and that cells were necessary either alone or together 
with serum. Other investigators have shown that serum from immune 
hosts affects homologous cells, but have not excluded the possibility that 
homologous cells as well as serum are required to destroy the target cells, 
because the target cells were inoculated into homologous hosts after 
incubation in serum from immunized animals, or they were inoculated 
into passively immunized homologous hosts (see review by Gorer, 4). In 
one study, however, cytotoxic action of serum from immune animals on 
cells was observed in vitro in the absence of homologous cells, with the 
addition of foreign complement (6). 

In the present paper, it is reported that cells of a plasma-cell neoplasm 
within cell-impenetrable diffusion chambers were either killed or inhibitied 
in their growth in hyperimmunized homologous hosts by humoral factors, 
without the participation of host cells. The normal cells transplanted 
with the neoplastic plasma cells, however, were seemingly unaffected. 


! Received for publication February 24, 1959. 

? Deceased, April 28, 1958. Dr. Algire wrote a first draft, and this paper was prepared from it by Dr. Ruth M. 
Merwin, Laboratory of Biology, National Cancer Institute. 

* National Institutes of Health, Public Health Service, U.S. Department of Health, Education, and Welfare. 


435 





436 ALGIRE 


After the first draft of this paper was written, Wakefield and Amos (é) 
reported that cells of a number of neoplasms were destroyed within cell- 
impenetrable diffusion chambers in immunized hosts. 


MATERIALS AND METHODS 


In the first experiment, BALB/c mice were repeatedly immunized by 
inoculations of a plasma-cell neoplasm 70429* (7) from strain C3H mice. 
Four subcutaneous inoculations of 0.1 cc. of an ascitic cell suspension of 
the tumor cells were made into each experimental mouse at weekly inter- 
vals. Eleven days after the final inoculation, cell-impenetrable diffusion 
chambers (8) containing 0.01 to 0.02 ml. of the ascitic cell suspension were 
placed in the peritoneal cavity of 6 untreated and 4 hyperimmunized 
BALB/c mice. The chambers were made with type HA Millipore mem- 
branes which have pores averaging 0.45 » in diameter. The chambers 
were removed 7 days later and prepared for histological examination. 

In the second experiment, a severe anaphylactic reaction was observed 
immediately after the third immunizing dose; therefore, a fourth was not 
given. Eight days after the third inoculation, diffusion chambers were 
placed in 8 control mice, 7 singly immunized, and 12 hyperimmunized 
mice. Six days later the chambers were removed and prepared for histo- 
logical study. 


RESULTS AND DISCUSSION 


In brief, it was found that the chambers in most of the untreated and 
singly immunized hosts contained predominantly neoplastic plasma cells, 
whereas the chambers in most of the hyperimmunized hosts contained 
few recognizable plasma cells (table 1). 


TABLE 1.—Predominant type of cell in diffusion chambers 7 or 8 days after chambers 
containing cells from neoplastic plasma-cell tumor 70429 in ascitic fluid, 
were placed in homologous hosts 





Number of chambers 





Neoplastic plasma “‘Ascitic-fluid”’ 
Treatment of host cells predominate cells predominate 





Untreated 14 (6)* 0 
1 immunizing dose 6 (3) 1 (1) 
3 or 4 immunizing doses 1 16 (1) 





*Numbers in parentheses indicate the number of these chambers in which some cells of the other type were 
found. 


Plasma cells predominated in all except one of the chambers in un- 
treated and singly immunized hosts. In over half of the chambers the 


4 The plasma-cell neoplasm 70429 was made available to us by Dr. Michael Potter, National Cancer Institute, 
Bethesda, Md. 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 








by 
ice. 
1 of 
ter- 
sion 
rere 
zed 
em- 
ders 


ved 
not 
vere 
zed 
sto- 


HOMOGRAFTS OF NEOPLASTIC PLASMA CELLS 437 


plasma cells formed a layer several cells thick (figs. 1 and 2) over the 
entire chamber area. In some of the chambers one fifth to one third of 
the area was covered by a layer of other types of cells, and in one chamber 
these other types predominated. 

Very few plasma cells were recognizable in most of the chambers in 
hyperimmunized hosts. The other recognizable cells were: fusiform 
cells, probably fibroblasts; mononuclear cells with vacuolated cytoplasm, 
probably macrophages; and a few granulocytes.* These cells were 
probably derived from the “ascitic-fluid” cells transferred into the cham- 
bers with the neoplastic plasma cells. These “‘ascitic-fluid” cells covered 
one third to the entire surface of the membranes with a single layer of 
cells (figs. 3 and 4), but were rather sparsely scattered in some areas. 
Two of the chambers, however, contained a considerable number of 
plasma cells. One chamber cont»: plasma cells around the edge only, 
and no mitotic figures were four. ic other chamber contained pre- 
dominantly plasma cells, and » »» of mattetic figures were found. 

The cytotoxic or cytostatic cu « .. serum of the hyperimmunized 
hosts on the cells of the pla: ( plasm 70429 contrasts with the 
effect on the “ascitic-fluid” «iis .:snsplanted with the plasma cells. 
Possibly, the plasma cells dif!» i:om most other types of cells in their 
sensitivity to the action of the serum of the immune hosts, without the 
participation of homologous host cells. Gorer (4) reviewed the evidence, 
which suggests that certain types of cells may be affected directly as 
homografts by antibodies, whereas other types may be affected mainly 
by host leukocytes. A second possible explanation of the difference in 
the reaction of the plasma cells and the “ascitic-fluid” cells may be that 
the effective antigen is possessed by the plasma cells only. The antigenic 
stimulus might be (1) a histocompatibility antigen, (2) a causally related 
virus, (3) a viral contaminant, (4) abnormal proteins produced by the 
plasma cells, or (5) an “x”? component similar to that found in certain 
leukemic tissues (4). The nature of this ‘x’? component is not known, 
and evidence suggests it is not found in normal tissues (4). 

Previous work in this laboratory did not reveal destruction of homolo- 
gous cells in cell-impenetrable diffusion chambers. Possibly a combina- 
tion of conditions not present in previous work is required. It may be 
necessary to have hyperimmunized hosts, well-dispersed target cells, and 
also cells particularly susceptible to the serum of the immune host, or cells 
with a special antigen. Whether a special antigen is necessary for this 
destruction of cells without the participation of cells of an immunized 
host has not been determined. This would not seem likely, however, if 
all the tumors mentioned by Amos and Wakefield (9) are affected within 
the diffusion chambers by serum of an immunized host in the manner 
described by them (6). 


' We wish to thank Dr. Thelma Dunn, Laboratory of Pathology, National Cancer Institute, for identifying the 
types of cells found in the diffusion chambers. 
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(2) 


(3) 


(4) 
(6) 
(6) 


(7) 


(8) 
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Figure 1.—Neoplastic plasma cells in diffusion chamber 7 days after chamber was 
placed in nonimmune host. X 100 


Ficure 2.—Same as figure 1. X 800 


Figure 3.—Cells in diffusion chamber 7 days after chamber was placed in hyperim- 
munized host. X 100 


Ficure 4.—Same as figure 3. X 800 
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Early Changes in the Subcutaneous Connective 
Tissue of Rats After Implantation of Pellets 
Containing Carcinogenic Polycyclic Hydro- 


carbons * 2 


JURY M. VASILIEV,? The Institute of Experimental 
and Clinical Oncology, Moscow, U.S.S.R.* 


SUMMARY 


Early local connective-tissue reactions 
around subcutaneously implanted pel- 
lets containing different polycyclic 
hydrocarbons were studied. A number 
of morphological methods were used, 
which included preparation of connec- 
tive-tissue spreads and_ differential 
counts of cells in these spreads, vital 
staining of cells with neutral red, 
fluorescent-microscopic examination, 
etc. It was found that noncarcinogenic 
or weakly carcinogenic hydrocarbons 
(anthracene and 1,2-benzanthracene) 
did not cause any significant alterations 
in the course of reactions that led to 
encapsulation of paraffin pellets. But, 
in the presence of strong carcinogens 
(9,10-dimethyl-1,2-benzanthracene or 
methylcholanthrene) these reactions 
underwent striking changes. Charac- 
teristic alterations induced by these 


substances included: 1) Long-lasting 
infiltration of the tissue by lymphoid 
cells; 2) inhibition of the process of 
differentiation of fibroblasts; 3) accu- 
mulation of lipides in the cytoplasm of 
connective-tissue cells; 4) inhibition of 
the capsule formation around pellets 
accompanied by distorted fibrogenesis. 
In the first weeks “early proliferation”’ 
of connective-tissue cells arose at some 
distance from DMBA-containing pel- 
lets. Later, most of this proliferation 
underwent collagenization. After 3 to 
4 months multiple “‘presarcomatous 
foci’’ arose from the cells remaining in 
the collagenized areas. Possible mech- 
anisms of development of the early 
changes induced by carcinogens and the 
role of these changes in carcinogenesis 
are discussed.— J. Nat. Cancer Inst. 
23: 441-485, 1959. 


MORPHOLOGICAL, HISTOCHEMICAL, and biochemical changes in 
the skin epithelium painted with carcinogenic hydrocarbons have been 


studied by numerous investigators [see review by Cowdry (1)]. 


However, 


only a few papers describe the changes observed in the subcutaneous 


! Received for publication March 4, 1959. 


2 Chemical Abstracts’ nomenclature for compounds used in this paper: 


For 1,2,5,6-dibenzanthracene read 
3,4-benzpyrene 
9,10-dimethyl-1,2-benzanthracene 
1,2-benzanthracene 
20-methylcholanthrene 
benzpyrene 


dibenz[a,hJanthracene 
benzo[a]pyrene 
7,12-dimethylbenz[aJanthracene 
benz[aJanthracene 
3-methylcholanthreno 
benzopyrene 


? The author wishes to express appreciation to Prof. L. M. Shabad and Prof. E. E. Pogosianz for advice and 
encouragement in the course of this work; appreciation is also expressed to Dr. E. L. Prigozina for her advice and 
constructive criticism. The technical assistance of L. N. Karynskaya and L. A. Filatova is gratefully 


acknowledged. 
* Proof not read by author. 
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connective tissue during the induction of sarcoma by these substances. 
Some of the available data indicate that at early stages of subcutaneous 
carcinogenesis, characteristic alterations in the course of aseptic inflam- 
mation and encapsulation of oil or pellet are caused by carcinogenic 
hydrocarbons. Wolbach (2, 3), who worked with cholesterol pellets 
containing 1,2,5,6-dibenzanthracene, found that encapsulation of these 
pellets with fibrous tissue did not occur as it did with chemically 
related control substances. 

According to Hval (4), subcutaneously injected 1,2,5,6-dibenzanthra- 
cene dissolved in lard caused degeneration of the surrounding connective 
tissue; the cellular response of macrophages, fibroblasts, and giant cells 
around this material was more pronounced than in control animals 
injected with neosalvarsan solution in lard. In experiments by Rondoni 
(5), rats received subcutaneous injections of benzene extract of animal- 
organ autolysates, which had been dissolved in fat, and of fat solutions 
of the noncarcinogenic hydrocarbon perylene or of 3,4-benzpyrene. In 
the first stages a similar nonspecific foreign-body reaction was observed 
in all experiments; later, in experiments with 3,4-benzpyrene, multiple 
foci of atypical granulation tissue were formed and from these foci the 
growth of sarcoma started. Stewart (6, 7) also observed, at 42 to 49 
days and later, proliferation of atypical fibroblasts in the tissue around 
methylcholanthrene pellets in mice. Orr (8) studied the sequence of 
histological changes in subcutaneous tissue of mice after implantation 
of paraffin pellets containing 2 percent of various carcinogenic and 
chemically related noncarcinogenic hydrocarbons. It was found that 
control pellets containing only paraffin wax produced a foreign-body 
reaction that led to enclosure of the pellet in a capsule of firm collagen. 
Noncarcinogenic hydrocarbons became similarly encapsulated, but the 
process took slightly longer to reach completion. Pellets containing 
carcinogenic hydrocarbons prevented the occurrence of an adequate 
fibrous reaction; the amount of collagen was small, loose in texture, and 
contained fibrinoid material. At a later stage, foci of secondary cellular 
proliferation appeared at a distance from the pellet, and from these foci 
the sarcomas developed. Howes (9) implanted intramuscularly in mice 
silk threads coated with methylcholanthrene or 1,2-benzanthracene; 
methylcholanthrene caused necrosis in the surrounding tissue and pre- 
vented encapsulation of the thread. Shabad (10, 11) and Golbert (/2) 
reported that the inflammatory reaction around droplets of an oil solution 
of 1,2,5,6-dibenzanthracene or 3,4-benzpyrene was less pronounced 
than in control animals injected with pure oil; the growth of sarcomas 
started from the foci of atypical cellular proliferation, which was desig- 
nated by these authors as “presarcomatous proliferations.’ Local 
changes in nerves in the zone surrounding subcutaneously injected 
carcinogenic hydrocarbons were described by Vasiliev (13) and by Shved- 
kova-Rosche (14). In our first experiments (15), paraffin pellets con- 
taining 10 percent of various polycyclic hydrocarbons were implanted 
subcutaneously in rats. It was found that carcinogenic substances 
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(9,10-dimethyl-1,2-benzanthracene and 3,4-benzpyrene) suppressed the 
transformation of lymphoid cells into macrophages, which occurred in 
control animals in the first hours of aseptic inflammation; formation of 
granulation tissue around the pellet was also inhibited. At a later 
stage, striking alterations of intercellular components of the connective 
tissue were observed, which included accumulation of large quantities of 
metachromatic polysaccharides around the pellet. Maltoni and Prodi 
(16) described similar changes in intercellular components of the rat 
connective tissue surrounding subcutaneously injected methylcholan- 
threne dissolved in trioctanin. The main aim of our further investi- 
gations was to study in detail, with the aid of different morphological 
techniques, the alterations in inflammatory reactions caused by car- 
cinogenic hydrocarbons. Results of these experiments are presented in 
this paper. 


MATERIALS AND METHODS 


Pellets containing various chemically related polycyclic hydrocarbons, 
which were all synthesized in the chemical laboratory of our Institute, 
were implanted subcutaneously in male rats weighing about 100 to 120 
gm. All rats used belonged to the stock of white rats bred at the Animal 
Farm of the Academy of Medical Science. The weight of each pellet 
was 20 mg. and each consisted of 90 percent paraffin wax and 10 percent 
polycyclic hydrocarbon. Two pellets containing the same hydrocarbon 
were implanted by trocar in each animal; one in the left flank and the other 
in the right flank. 

Experimental animals were divided into seven groups: 

I. Rats with pellets consisting of paraffin wax alone-——These rats were not subjected 
to any other treatment. There were 82 animals in this group. 

II. Cortisone-treated rats with paraffin pellets ——Cortisone, 2.5 mg., was injected intra- 
peritoneally every other day, starting from the day when pellets were implanted. 
There were 40 rats in this group. 

III. Rats with pellets containing anthracene.—There were 54 rats in this group. 

IV. Rats with pellets containing 1,2-benzanthracene.—There were 42 rats in this group. 

V. Rats with pellets containing 9,10-dimethyl-1,2-benzanthracene (DMBA).— There 
were 110 rats in this group. 

VI. Cortisone-treated rats with pellets containing DMBA.—Dosage and mode of ad- 
ministration of cortisone were the same as in group II. There were 39 rats in this 
group. 

VII, iets with pellets containing 20-methylcholanthrene (MC).—There were 49 rats 
in this group. 

All animals used in these experiments were kept in metal cages and fed 
an ordinary laboratory diet. Animals were killed at 6 hours and at 
1, 2, 3, 5, 7, 10, and 15 days after implantation of pellets; some rats in 
group V were killed at intervals ranging from 30 to 120 days. 

The tissues surrounding the pellets were fixed in various fixatives; 
some of the specimens were embedded in paraffin and others were used 
for preparation of connective-tissue spreads. 
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The following morphological methods were used: 


. Preparation of spreads of the connective tissue.—The tissue was taken at a distance 


of 2 to 4 mm. from the pellet. Spreads were prepared and stained by Jasswoin’s 

method (17). In addition to the usual microscopic examination, differentia) 

counts of cells in these spreads were made [see Elisejev (18), Popova (19), Chutnova 

(20), and Vasiliev (21)]. One thousand cells were counted in each spread, and 

the following cell forms were distinguished: 

a) Fusiform cells (FC)—youngest undifferentiated cells of fibroblastic type, with 
small, deeply stained nuclei and fusiform-cell shape. 

b) Young fibroblasts (YF)—larger than FC and with large spherical or ellipsoid 
nuclei, sometimes with few nucleoli; these cells have 1 or 2 cell processes and their 
cytoplasm is not divided into ectoplasm and endoplasm (figs. 3 and 4). 

c) Mature fibroblasts (MF) with 3 or more cell processes and cytoplasm divided into 
ectoplasm and endoplasm (figs. 1 and 2). 

d) Lymphoid cells (LC) with small, round, spherical, deeply stained nuclei and a 
thin layer of basophilic cytoplasm (figs. 4, 5, and 6). 

e) Macrophages (M) (figs. 1, 5, and 6)—larger than LC and their nuclei are not so 
deeply stained with hematoxylin. During inflammation the forms transitiona] 
between lymphoid cells and macrophages were seen in the connective tissue: 
all the elements with a layer of cytoplasm not wider than one half of the diameter 
of the nucleus were counted as LC, and all cells with a wider layer of cytoplasm 
as M. In spread preparations it is difficult to tell large macrophages from 
plasma cells; therefore both types of cells were counted together. We should 
stress, however, that typical plasma cells were rarely observed in the experiments 
reported in this paper. 

f) Polymorphonuclear leukocytes (PMN) with typical lobated or ring-shaped nuclei. 
Mast cells were not counted in spread preparations because of the low content of 
these elements in the connective tissue of young rats (about 0.5 to 1.0% of all 
cells in normal subcutaneous tissue), but the number of these cells never signifi- 
cantly increased during the experiments; the morphology of mast cells was 
examined in spreads and sections stained with toluidine blue (described later). 

Vital staining of connective-tissue cells with neutral red.—It is known [see Nasonov 

and Alexandrov (22)] that in living nondamaged cells neutral red (as many other 

vital dyes) stains neither the nucleus nor most of the cytoplasm, but is accumulated 
in granules which are formed in cytoplasm. After treatment with agents that cause 
reversible or irreversible damage to the cell, these granules disappear, and diffuse 

staining of the nucleus and of the whole cytoplasm can be observed. One-half ml. 

of 0.01 percent solution of neutral red in saline was injected subcutaneously in the 

area near the implanted pellet. Thirty minutes after receiving an injection th« 
animals were killed by ether, and spreads of unfixed connective tissue were prepared 
immediately. A drop of saline was placed on the spread, which was then covered 
with a coverslip and microscopically examined. Cells with dye granules in the 

cytoplasm were clearly seen in such preparations; these granules disappeared 20 

to 30 minutes after the spreads were prepared. 

Fluorescent microscopic examination.—Unfixed spreads, made immediately after 

the death of rats, were covered with a drop of 0.1 percent solution of acridine 

orange (AQ) or with a drop of caffeine-benzopyrene solution prepared according to 

Berg (23). The fluorescence of these supravitally fluorochromed spreads was then 

examined with the fluorescence microscope. It is known, from investigations by 

Meisel and Korchagin (24), Bertallanfy and Bickis (25), and Armstrong (26), that 

AO reveals both types of cell nucleic acids. In the spreads of normal connective 

tissue of rats fluorochromed with AO, numerous granules giving red fluorescence 

and probably containing ribonucleic acid (RNA) are seen in the cytoplasm of the 
cells; these granules are very unstable and disappear after action of various cell- 
damaging agents, such as ultraviolet irradiation, immersion of spreads in various 
fixatives, etc. Caffeine-benzopyrene was used for demonstration of cell lipides. 
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Very weak, diffuse fluorescence of the cytoplasm of cells could be seen in spreads 

of normal rat connective tissue fluorochromed with caffeine-benzopyrene. Results of 

fluorescent microscopic examination of normal connective tissue have been described 

in detail elsewhere (27). 

Brachet reaction for RNA.—Spreads fixed in Carnoy’s fluid were stained in 0.1 

percent solution of toluidine blue for 2 hours. Before staining, some of the spreads 

were incubated in a solution of crystalline ribonuclease. 

. Demonstration of labile components of the intercellular substances.—Spreads fixed in 
an 0.25 percent water solution of phosphotungstic acid were then stained with 0.1 
percent toluidine blue for 2 hours. A detailed description of this technique and of 
the properties of labile intercellular substance has been given in another paper (28). 

3 PAS-reaction.—Sections of specimens were fixed according to Schabadasch (29), 
and spreads were fixed in absolute alcohol. Some of the spreads and sections, before 
staining with periodic acid-Schiff (PAS), were incubated for 1 hour at 37° C. ina 
saline solution of amylase, a saline solution of testicular hyaluronidase (‘‘Lydase’’), 
or in hot (60° C.) methanol-chloroform. 

. Metachromatic substances.—In order to identify these substances sections of speci- 
mens fixed in 4 percent basic lead acetate and spreads fixed in absolute alcohol were 
stained for 1 hour in 1 percent toluidine blue. Stained preparations were examined 
after washing in distilled water, and then dehydrated in alcohol. An oil-mount 
immersion was re-examined to compare the degree of metachromasia of different 
structures before and after dehydration. Before staining, some of the spreads and 
sections were incubated for 1 hour in a saline solution containing testicular hyaluroni- 
dase; control sections and spreads were incubated in saline solution without enzyme. 

8. Reaction with colloidal iron.—Sections of specimens fixed in 4 percent basic lead 

acetate, in Zenker’s fluid, and in 10 percent neutral formol were examined. A 
modification of this reaction with colloidal iron, described by Miiller (30), was used. 

9. Lipides—Spreads from specimens fixed in calcium-formol were stained with Sudan 

black to demonstrate lipides. 

10 to 12.—Sections of specimens fixed in 10 percent neutral formol, in Zenker’s fluid, 

and in other fixatives were stained by hematoxylin and eosin, by van Gieson’s 
method, and by Foot’s method for reticulin fibers. 
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RESULTS 


Group 1. Control Rats With Paraffin Pellets 


Changes observed in sections were similar to those already described 
(8): aseptic inflammation and formation of granulation tissue led to the 
encapsulation of the pellet. At 3 days, reticulin fibers appeared between 
fibroblasts surrounding the pellets; at the end of the 1st week, numerous 
collagen fibers were formed. Small quantities of acid mucopolysac- 
charides, which were metachromatically stained by toluidine blue, were 
seen between the cells at early stages of encapsulation (2-3 days); this 
metachromatic substance disappeared rapidly in the following days. 

Data obtained with the aid of differential counts of connective-tissue 
cells show (table 1 and text-fig. 1) that in the first hours of the experiment 
both polymorphonuclear leukocytes and lymphoid cells emigrated into 
inflamed tissue around the pellet. At the end of the 1st day the per- 
centage of lymphocytes decreased and, simultaneously, the percentage 
of macrophages rose significantly. Probably, transformation of lymphoid 
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TeXT-FIGURE 1—Group I (implantation of paraffin pellets). Changes in the average 
percentage of lymphoid cells (solid line) and of polymorphonuclear leukocytes 
(broken line) in the subcutaneous connective tissue around pellets. Abscissas are 
the average percentages of cells as estimated from differential counts of cells in 
spreads. Ordinates are the intervals between the implantation of pellets and the 
killing of rats. For number of animals on which these average values are based 
see table 1. 


cells into macrophages “‘polyblasts,” [which has been described by Maxi- 
mov (31, 32)] took place at this stage of inflammation. 

In spreads of connective tissue of the animals killed after 2, 3, and 5 
days, a striking increase in the percentage of young fibroblasts (YF) was 
observed. This increase was a result of dedifferentiation and multiplica- 
tion of pre-existing fibroblasts, and of fusiform cells. After 7 days the 
percentages of all cell forms became similar to normal values. 

After 24 hours increased cytoplasmic basophilia associated with RNA 
was observed in some fibroblasts. At later stages, the cytoplasm of young 
fibroblasts was rich with RNA. At 5 to 7 days the concentration of 
RNA returned to a normal level. During the first few days fluorescent 
microscopic examination of spreads supravitally fluorochromed with AO 
showed an increase in both the number and size of RNA-containing 
granules in the cytoplasm of young fibroblasts. After 24 hours, the 
cytoplasm of some of the fibroblasts was filled with large red granules. 
Large granules of the same type were seen in the cytoplasm of macrophages. 

At 3 to 5 days the structure of the cytoplasm of fibroblasts, as seen in 
spreads fluorochromed with AO, became normal. The fluorescence of 
fibroblast nuclei at all the stages of inflammation was no different from 
that observed in the spreads of normal connective tissue. 

In the subcutaneous connective tissue of normal rats the cytoplasm 
of all types of cells was PAS-negative; collagen and reticulin fibers were 
the only PAS-positive structures in this tissue. At 24 hours after im- 
plantation of paraffin pellets, numerous large granules, which gave intensive 
PAS-reaction, appeared in the cytoplasm of some fibroblasts. On the 
2d and 3d days, diffuse PAS-positive staining of the cytoplasm of the 
majority of young fibroblasts could be observed. The cytoplasm of 
macrophages also was weakly PAS-positive. The PAS staining substance 
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in all these cells, as well as the PAS staining substance of connective-tissue 
fibers, remained unchanged after treatment of spreads with hot methanol- 
chloroform, with amylase, or with testicular hyaluronidase. Varying 
amounts of a PAS-positive substance, which was identified as glycogen 
by amylase test, were seen in the cytoplasm of polymorphonuclear 
leukocytes that were in the tissue at early stages of inflammation. After 
5 to 7 days, the cytoplasm of all cells seen in the spreads became PAS- 
negative. 

At all stages of inflammation in the tissue vitally stained by neutral 
red solution, numerous colored granules were seen in the cytoplasm of 
fibroblasts and macrophages; these granules were scarce in the cytoplasm 
of polymorphonuclear leukocytes and lymphoid cells. After 1 to 3 days 
some of these leukocytes with diffuse staining of the cytoplasm and 
nuclei were seen in the spreads; these cells apparently were dead or dying. 

In spreads of the subcutaneous connective tissue of normal rats stained 
with Sudan black, very weak diffuse staining of the cytoplasm of the 
majority of cells was observed; numerous small lipide droplets were 
present in the cytoplasm of polymorphonuclear leukocytes; nuclei of all 
cells remained unstained. The picture was essentially the same in 
Sudan black-stained spreads of the tissue surrounding paraffin pellets. 
Lipide droplets were seen only in the cytoplasm of polymorphonuclear 
leukocytes and macrophages, and extracellularly in the ground substance. 

As described elsewhere (28), in spreads of subcutaneous connective 
tissue of normal rats fixed in 0.25 percent aqueous solution of phos- 
photungstic acid and stained by toluidine blue, intercellular substance 
that filled all the spaces between cells and fibers were seen. Short in- 
cubation of spreads in water or in alcohol before fixation completely 
removed this intercellular component from the connective tissue. 

During the first 3 days after implantation of paraffin pellets this “labile 
intercellular substance” was almost completely absent in some parts 
of the inflamed area, whereas in other places it was precipitated as dense, 
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Trext-FiGuRE 2.—Group II (implantation of paraffin pellets in rats that received an 
injection of cortisone). Changes in the average percentage of lymphoid cells and 
of polymorphonuclear leukocytes. Code as in text-figure 1. 
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intensively stained patches. At later stages the appearance of the labile 
intercellular substance gradually returned to normal. 


Group II. Cortisone-Treated Rats With Paraffin Pellets 


The general pattern of reaction was similar to that observed in group 
I. Some minor differences are revealed when results of differential cell 
counts are compared (table 2 and text-fig. 2). One can see that the 
degree of connective-tissue infiltration by lymphoid cells and by macro- 
phages is somewhat lower in cortisone-treated animals: the mean percent 
of LC at 6 hours is 39.7 in group I and 24.3 in group II (difference is 
statistically significant). The percentage of M at 2 days is 34.1 in group 
I and only 13.5 in group II. 


Groups Ill and IV. Rats With Pellets Containing Anthracene or 1,2- 
Benzanthracene 


At all stages of inflammation, results of differential counts are quite 
similar to those in group I (tables 3 and 4 and text-figs. 3 and 4). The 
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Text-FIGURE 3.—Group III (implantation of pellets containing anthracene). Changes 


in the average percentages of lymphoid cells and of polymorphonuclear leukocytes. 
Code as in text-figure 1. 
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Text-rigurE 4.—Group IV (implantation of pellets containing 1,2-benzanthracene). 
Changes in the average percentages of lymphoid cells and of polymorphonuclear 
leukocytes. Code as in text-figure 1. 
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changes in spreads and sections stained by the various methods also are 
similar to those in group I. 


Group V. Rats With Pellets Containing DMBA 


Changes observed in the first 2 weeks after implantation of pellets.—His- 
tologic examination of sections showed inhibition of granulation-tissue 
formation caused by DMBA (see page 443). On the 5th to 7th day when, 
in control rats, a fibroblastic capsule had already formed around the 
paraffin pellet, only a small number of fibroblasts was scattered in the con- 
nective tissue around the DMBA-containing pellet (figs. 9 and 10). The 
same was true later on the 7th to 15th day; a few reticulin fibers were 
formed near the surface of the pellet at the end of the 2d week (fig. 11), 
Analysis of the differential counts (table 5 and text-fig. 5) revealed that 
the reaction of the polymorphonuclear leukocytes around DMBA-con- 
taining pellets was the same as that observed around paraffin pellets in 
the control group: infiltration of the connective tissue by these leuko- 
cytes took place in the first hours after introduction of pellets, but later 
the percentage of these cells rapidly decreased and remained low during 
the following days. 

At 6 hours the degree of tissue infiltration by lymphoid cells was the 
same in the control rats (group I) as in rats with DMBA-containing 
pellets. However, in contrast to the control group after 24 hours, the 
percentage of these cells was not diminished around the pellets containing 
the carcinogenic hydrocarbon. Numerous lymphoid elements amounting 
to about one third of all cells were present in the tissue surrounding 
DMBA pellets until the end of the 2d week, whereas in the control group 
the percentage of these cells returned to the normal low level (about 
2-3%) after approximately 5 to 7 days. 

The increase in the percentage of macrophages observed after 24 hours 
around DMBA pellets was like that around control pellets. However, 
on the 7th to 15th day the percentage of these cells around DMBA 
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Text-ricurE 5.—Group V (implantation of pellets containing DMBA). Changes in 
the average percentages of lymphoid cells and of polymorphonuclear leukocytes. 
Code as in text-figure 1. 
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pellets remained higher (10-30%) than in control experiments (about 
2-5%). 

The relative number of young fibroblasts (YF) increased around DMBA 
pellets somewhat earlier than around paraffin pellets. A high percentage 
of these elements was seen in the connective tissue up to 15 days after 
implantation of the carcinogen-containing pellets. 

On the 2d or 3d day the intensity of cytoplasmic basophilia of fibro- 
blasts around DMBA pellets was similar to that observed in tissue 
surrounding control pellets. On the 5th to 15th day, when the intensity 
of staining of fibroblasts in control experiments returned to the normal 
low level, many of the fibroblasts around DMBA pellets still contained 
increased cytoplasmic basophilia, which could be removed by ribonuclease. 

At this time, flourescent microscopic examination of spreads fluoro- 
chromed with AO also showed numerous fibroblasts with an increased 
number of red RNA-containing granules in the cytoplasm. 

During the first 3 days the observations in the PAS-stained spreads 
and sections of the tissue surrounding DMBA pellets were the same as 
those in control experiments. On the 5th to 15th day when, in control 
animals, the fibroblasts with PAS-positive cytoplasm disappeared, such 
cells were still seen around the DMBA pellets. The PAS-positive sub- 
stance in the cytoplasm of these fibroblasts remained unchanged after 
treatment of spreads with amylase, with testicular hyaluronidase, or with 
hot methanol-chloroform. 

The presence of lipide droplets in the cytoplasm of fibroblasts and 
macrophages was a characteristic feature of the connective tissue sur- 
rounding DMBA pellets. These droplets were seen with the Sudan- 
black technique (fig. 7) as well as with the flourescent microscopic method 
of Berg (fig. 8). At 24 hours some fibroblasts contained droplets. From 
the 2d day until the end of the 2d week these droplets were seen in the 
cytoplasm of the majority of fibroblasts and macrophages. Size of the 
lipide droplets and their number per cell varied considerably; sometimes 
these droplets occupied only the perinuclear zone, in other cells they filled 
up the whole cytoplasm. In a few cells the accumulation of a large 
number of the lipide granules in the cytoplasm was accompanied by 
pyknosis of the nuclei. However, in most cells with lipide granules the 
appearance of the nuclei remained unchanged. 

During the first 3 days after implantation of DMBA pellets the results 
of vital staining of connective tissue with neutral red did not differ from 
those obtained in the control group. On the 5th to the 10th day the 
cytoplasm of most fibroblasts showed numerous dye-containing granules 
as well as strongly refractive, unstained globules, which probably were 
the lipide droplets. In a few cells filled with such droplets a weak diffuse 
staining of the nucleus and of the cytoplasm by neutral red was observed. 
The changes of the “labile intercellular substance’ observed around 
DMBA were not different from those seen in control experiments. 

Changes observed at 15 days and after —As mentioned in the experiments 
with DMBA pellets, we could not observe the growth of young fibroblasts 
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toward the pellet, which in control experiments took place on the 3d to 
5th day and led to an encapsulation of the paraffin pellet. Therefore, 
at 15 days, a wide area of the connective tissue adjoining the surface of 
the DMBA pellet remained ‘empty’: there were only a few scattered 
cells. This ‘central’? zone was surrounded by an area containing nu- 
merous cellular elements of different types (the ‘‘peripheral’’ zone). In 
some parts of this peripheral zone, cells lay at some distance from each 
other; reticulin and thin collagen fibers could be seen between these cells. 
In other regions, nodules consisting of closely packed cellular elements 
(fibroblasts, lymphoid cells, and macrophages) were formed (fig. 13). In 
some nodules lymphoid elements were predominant, whereas in others, 
fibroblasts were more numerous. Occasionally a few plasma cells were 
seen in these nodules. In the central part of a nodule there was usually a 
small blood vessel, and therefore the nodules were called “perivascular 
nodules.”” Silver impregnation in these nodules showed reticulin stroma 
surrounding each cell or small groups of cells. 

At 15 days, in sections stained by van Gieson’s method, numerous 
nodules were seen in the “central area” around DMBA pellets, which 
had the red color characteristic of collagen, but were lacking the visible 
fibrillar structure. These collagenous nodules were PAS-positive; results 
of this reaction remained unchanged after treatment of sections by amylase 
or hyaluronidase. The space between these collagenous nodules was 
filled by PAS-negative material which was stained metachromatically by 
toluidine blue and gave a strong positive reaction with colloidal iron; 
under high magnification it could be seen that this metachromatic mate- 
rial consisted of thin fibers and granules (fig. 12). One-hour incubation 
of sections in the medium containing testicular hyaluronidase almost 
completely destroyed this metachromatic material. In the ‘peripheral’ 
zone the metachromatic staining of the ground substance was very weak 
or absent. 

There were varying amounts of PAS-positive, amylase-resistant sub- 
stance in the cytoplasma of fibroblasts seen in the ‘‘central” and in the 
“peripheral” zones. 

Mast cells were never present in the “central” zone; a few were seen 
in the “peripheral” zone, but even in this region they were not numerous. 

It was found that connective tissue surrounding DMBA pellets gradu- 
ally became more and more dense and could not be stretched. Because of 
this, at 30 days and later, it was impossible to make good spreads of this 
tissue and all the specimens taken at these stages were embedded in 
paraffin and sectioned. 

At 30 and 60 days, the microscopic appearance of the tissue surrounding 
DMBA pellets was like that observed at 15 days. The quantity of 
collagenous material slowly increased during this time; in the “central” 
zone the newly formed collagen had the unusual appearance of amorphous 
nodules, whereas at a greater distance from the pellet normal-looking 
fibers were seen. The quantity of the metachromatic material in the 
“central” zone also increased. During the 2d and 3d month of the 
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experiment, in the “peripheral” zone, the cells of ‘perivascular pro- 
liferation” were gradually separated by the newly formed collagen fibers, 
In animals killed after 60 or 90 days, such perivascular nodules were 
only rarely observed, and at this stage small blood vessels in the “pe- 
ripheral” zone were surrounded by numerous thick collagenous fibers 
(fig. 14); separated fibroblasts or small cell groups were seen between 
these fibers (fig. 15). 

During the 3d and 4th months the augmentation of the amount of 
collagen around the pellet continued, while the quantity of the metachro- 
matic material diminished. The number of cells in the “central” zone 
near the pellet slowly increased. Both in the “central” and in the 
“peripheral” zones fibroblasts gradually became the predominant cell 
form, whereas the number of lymphoid cells and macrophages decreased. 
Most of the fibroblasts at this stage were atypical and were like sarco- 
matous cells (fig. 16): their size and form varied considerably and many 
cells had large hyperchromatically stained nuclei with large nucleoli. 
At 90 or 120 days numerous nodules consisting of such atypical fibroblasts 
were seen between the thick collagen bundles filling the space around the 
pellet. There was also some proliferation which consisted of large cells 
with ribbon-shaped bodies, and large ovoid nuclei, sometimes with cross 
striations in the cytoplasm; very often multinuclear giant cells were seen 
in such nodules. Probably this proliferation arose from the myoblastic 
elements; it was similar to that described in detail by Cheredejeva (33). 
In all animals with the DMBA pellets, which were kept alive more than 
4% months, spindle-cell and polymorph-cell sarcomas of the subcutaneous 
connective tissue arose at intervals ranging from 112 to 150 days. 


Group VI. Cortisone-Treated Rats With DMBA Pellets 


In general, all changes in the connective tissue were very similar to 
those observed in group V, in which the animals were not treated with 
cortisone. However, with the aid of differential counts (table 6 and 
and text-fig. 6), it was revealed that during the 1st week after introduction 





PER CENT OF CELLS 


= t ¥ + 7, , t r + + , t a: AJ J 
m#; 2345678 9 to tt l2 Is a is 
DAYS FOLLOWING IMPLANTATION 





Text-FicurE 6.—Group VI (implantation of pellets containing DMBA in rats 
receiving an injection of cortisone). Changes in the average percentages of lymphoid 
cells and of polymorphonuclear leukocytes. Code as in text-figure 1. 
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of pellets the mean percent of lymphoid cells was somewhat lower in 
cortisone-treated animals. 


Group VII. Rats With Pellets Containing MC 


All the reactions around such pellets were almost identical to those 
observed in rats with DMBA pellets (group V) (table 7 and text-fig. 7). 
Usually the ‘‘central”’ zone around the MC pellets was narrower and the 


“peripheral” zone of cellular proliferation wider than the respective zones 
around DMBA pellets. 
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TextT-FIGURE 7.—Group VII (implantation of pellets containing methylcholanthrene). 
Changes in average percentages of lymphoid cells and of polymorphonuclear 
leukocytes. Code as in text-figure 1. 


DISCUSSION 


Specificity of changes —The data described show that anthracene and 
1,2-benzanthracene do not cause any significant alteration in the course 
of the connective-tissue reactions around paraffin pellets, but that in the 
presence of DMBA or MC these reactions undergo striking changes. 
The high carcinogenic activity of DMBA and MC is generally known. 

Anthracene is not carcinogenic (34). 1,2-Benzanthracene was found 
to be noncarcinogenic by a number of authors (34). Steiner and his 
collaborators (5, 36) came to the conclusion that it has a weak carcino- 
genic activity. 

Even if it were confirmed that 1,2-benzanthracene is carcinogenic, 
it is evident that its activity is immeasurably more feeble than that of 
MC or DMBA. Hence there is reason to suppose that early alterations 
in the connective tissue observed in the experiments with DMBA and. 
MC are somehow related to the high carcinogenic activity of these sub- 
stances. In several earlier investigations (see page 442) similar con- 
lusions were drawn with regard to the correlation which exists between 
the carcinogenic properties of various hydrocarbons and the ability of 
these substances to distort the course of foreign-body reactions. 
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Little can be said about the effect of cortisone on the reactions around 
control paraffin pellets (group II as compared with group I) or around 
DMBaA-containing pellets (group VI as compared with group V). The 
small doses of cortisone used in these experiments slightly decreased 
the intensity of the initial lymphoid infiltration in both groups but in 
other respects all the processes remained unchanged. 

Infiltration of the connective tissue by lymphoid cells.—In the first hours 
after the implantation of pellets, there was no difference between the 
control and carcinogenic groups‘ in the degree of connective-tissue 
infiltration by lymphoid cells or by polymorphonuclear leukocytes, 
Therefore it was concluded that carcinogenic hydrocarbons did not in- 
tensify the initial inflammatory reaction around paraffin pellets, i.c., 
they did not act as “irritants.” 

In control groups the percentage of lymphoid cells gradually decreased 
during the 2d and 3d days; around DMBA or MC pellets the percentage 
of these cells remained high for a long time. Such lymphoid infiltration 
is one of the earliest alterations in the connective-tissue reactions charac- 
teristic of carcinogenic groups. It has been suggested earlier (15) that 
this infiltration might be due to the inhibition of transformation of 
lymphocytes into macrophages; according to Maximov (31) such trans- 
formation was usually observed during aseptic inflammation. However, 
the increase of the percentage of macrophages observed after 24 hours 
was similar in the carcinogenic groups and in control groups. Hence 
the lymphoid infiltration around DMBA or MC pellets was not accom- 
panied by a corresponding decrease in the percentage of macrophages, 
which should have been expected if the inhibition of the transformation 
of lymphocytes into macrophages had been the main cause of the accumu- 
lation of lymphoid cells. It seems probable, therefore, that another 
factor is involved in the process, namely, that lymphoid cells continue 
for a long time to emigrate into the tissue surrounding the carcinogen, 
whereas in control experiments this emigration ends after a few hours. 

What is the nature of stimuli that cause such prolonged emigration 
and attract the lymphoid elements to the site of implantation of pellets 
containing carcinogenic hydrocarbon? It is known that infiltration of 
tissue by the lymphoid cells is one of the most characteristic local cellular 
reactions which are observed around grafts of normal or malignant 
tissues transplanted to an antigenically foreign host (21, 37-39). It is 
established that carcinogenic polycyclic hydrocarbons and azo dyes can 
form complexes with different proteins in vivo and in vitro (40-44). Car- 
cinogenic azo dyes bound in vivo by the proteins of the mouse liver change 
the antigenic properties of these proteins (41, 45-47). It has been 
suggested that formation of such new tissue antigens is an essential part 
of the mechanism of carcinogenesis (48-50). Taking into consideration 
all these data, we can suppose that the lymphoid infiltration around 
pellets containing carcinogenic hydrocarbon is a manifestation of the 


‘4 In the following discussion experimental groups I, III, and IV are referred to as “control groups,” and groups 
V and VII as “carcinogenic groups.” 
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animal’s local immune reaction arising in response to the antigenic 
changes of tissue proteins induced by polycyclic hydrocarbons. A 
similar suggestion has been made recently by Klimenko (61). 

It is interesting that lymphoid infiltration around carcinogenic pellets 
develops earlier (on the Ist or 2d day) than around heterografts [4-6 
days in experiments with mouse tumors grafted to rats (2/)]. It remains 
unknown whether this early development of lymphoid response is due 
to the extremely rapid immunization of the host against carcinogen- 
protein complexes. 

Early changes of fibroblasts—In control groups, two stages of the 
cytological changes of these cells could be distinguished. The first 
stage—dedifferentiation and “activation” of fibroblasts—was character- 
ized by a number of alterations: (1) The changes in the form of the cell 
body—the cell processes and ectoplasmic layer disappeared and the 
“mature fibroblast” was transformed into “young fibroblast” (see Mate- 
rials and Methods). (2) The increase in the quantity of cytoplasmic 
RNA revealed by the Brachet method and the fluorescent microscopic 
examination of spreads fluorochromed with AO—as experiments by 
Tsanev (52) have indicated, it is possible that the increased basophilia of 
“activated” fibroblasts may be due not to the real augmentation of the 
absolute quantity of RNA per cell but to an increase in the number of 
free acidic groups in the RNA molecules and to an increase in the ability 
of these molecules to bind the basic dyes. (3) The appearance of a PAS- 
positive amylase-resistant substance that is in the cytoplasm of the 
fibroblasts—at present the nature of this substance is not clear, but it 
seems probable that it is a polysaccharide which finally becomes one of the 
components of new reticulin or collagen fibers formed by these fibroblasts. 

In the second stage of changes, which may be designated as the stage 
of differentiation, the cell shape of fibroblasts, as well as histochemical 
characteristics of their cytoplasm, gradually became identical with those 
typical for fibroblasts of normal connective tissue. Simultaneously, 
numerous collagen fibers appeared around the pellet and thus on the 5th 
to 7th day a new collagen capsule was formed. 

Around carcinogen-containing pellets the process of the “activation” 
of fibroblasts begins a little earlier, but, in general, it is similar to that 
observed in control groups (text-fig. 8). Carcinogenic substances exert 
a pronounced effect on fibroblastic differentiation. This process of 
differentiation is almost completely inhibited by DMBA or MC, and most 
fibroblasts surrounding carcinogen-containing pellets remain morphologi- 
cally and histochemically immature for a long time: these cells retain the 
shape typical of young fibroblasts; they contain an increased quantity of 
RNA in cytoplasm; and their cytoplasm gives a positive PAS-reaction. 
Probably it is this distortion of the process of fibroblastic differentiation 
that leads to the inhibition of fibrogenesis and of capsule formation. 

The presence of numerous lipide droplets is one of the changes char- 
acteristic of most fibroblasts and macrophages surrounding the pellets 
containing carcinogen; it was not observed at any stage of reactions in 
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TEXT-FIGURE 8.—Changes in the relation of the average percentage of immature 
fibroblastic elements (%FC + %YF) to the average percentage of all fibroblastic 


elements (%FC + %YF + %MF) as estimated from differential counts of cells in 
spreads. 


control groups. Lipide infiltration is a manifestation of the changes in 
cell metabolism induced by carcinogenic hydrocarbon. There is no 
reason to suggest that cells containing lipide droplets are necrobiotic: 
most of these cells are microscopically normal and, after vital staining 
with neutral red, dye-containing granules are found in the cytoplasm. In 
many instances granules can be seen even in the cells with very large 
lipide droplets. Only a few of the cells surrounding pellets containing carci- 
nogen undergo degeneration which is manifested by pyknotic changes of the 
nuclei and diffuse pink staining of the cytoplasm and nuclei by neutral 
red. During the 2d week the number of such dying or dead cells does 
not increase significantly as compared with the Ist week. It is interesting 
that, as experiments by Alexejeva (63) showed, yeast cells that have 
accumulated large quantities of lipides in their cytoplasm become more 
resistant to the lethal action of X rays. It seems possible that the 
lipide infiltration observed in our experiments may be a result of an adap- 
tive reaction which increases the resistance of cells to the damaging 
action of carcinogen. It is possible, in particular, that the carcinogenic 
hydrocarbon which penetrates into the cell may be accumulated and iso- 
lated in the lipide granules. 

Recently published results of luminescent microscopic examination of 
connective tissue (64) of rats around pellets containing carcinogenic 
hydrocarbons confirm this suggestion. It was observed that during the 
first days DMBA penetrated into the cell nuclei; later a diffuse fluores- 
cence of protoplasm was seen, which was followed by an accumulation of 
hydrocarbon in lipide inclusions. 

We may mention also that lipide droplets are often seen in the cyto- 
plasm of different connective-tissue cells which take part in resorption of 
the subcutaneously injected lipides [see, for instance, Molchanova (55). 

Alterations in fibrogenesis —DMBA not only decreases the rate of forma- 
tion of the collagen capsule around the pellet but also causes distortion 
and disorganization of this process. In control groups, collagen fibers 
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were formed only in a narrow zone surrounding the pellet; whereas in 
experiments with DMBA, collagen gradually filled a wide area of connec- 
tive tissue. Near the pellet this newly formed collagen had the unusual 
appearance of amorphous nodules which stained red with van Gieson’s 
method and contained PAS-positive material. Large quantities of a sub- 
stance, which was stained metachromatically by toluidine blue, were 
seen near DMBA pellets, from the end of the 2d week and throughout the 
observation period (4 months). Intensive metachromasia of this sub- 
stance and its positive reaction with colloidal iron indicate that it is a 
mucopolysaccharide; the sensitivity of this component to action of testicu- 
lar hyaluronidase confirms this conclusion. It is not clear at present 
whether this metachromatic substance is hyaluronic acid or chondroitin- 
sulfate, because testicular hyaluronidase digests both these polysac- 
charides. In this control group small quantities of metachromatic sub- 
stance with similar properties were present in the fibroblastic tissue 
surrounding the pellet at the 2d and 3d days, that is, shortly before the 
first new fibers appeared in the tissue; as the process of fibrogenesis con- 
tinued, this substance disappeared completely. Numerous investigators 
have described accumulation of metachromatic polysaccharides in the 
connective tissue during various proliferative processes and during the 
early stages of fibrogenesis (56-58). It has been suggested by different 
authors that acid polysaccharide is important in the formation of the 
collagen fiber and, possibly, becomes a component of the new fiber 
(59,60). Therefore, accumulation of large quantities of the acid mucopoly- 
saccharide near DMBA pellets can be regarded most probably as a result 
of distorted correlation of the processes involved in fibrogenesis. Some 
investigators (57, 61, 62) have suggested that metachromatic mucopoly- 
saccharide of the ground substance is synthesized by mast cells, while 
other authors have criticized this hypothesis (63-65). We were not able 
to find in our material any evidence confirming the activity of mast cells 
in the formation of metachromatic substance; in most instances these cell 
elements were not seen in the central area around the DMBA pellet where 
the largest quantities of this substance appeared. The mechanism of the 
distortion of fibrogenesis induced by carcinogen is not yet clear, but it 
seems possible that this distortion is closely associated with the inhibition 
of fibroblastic differentiation observed at the early stage. 

Evolution of cellular proliferation.—Cellular proliferation developed 
at some distance from the pellets containing carcinogen. This prolifera- 
tion arose in the first 2 weeks as a result of distorted fibroblastic differentia- 
tion and encapsulation. In addition to fibroblasts, lymphoid cells, macro- 
phages, and, sometimes, plasma cells also were seen in these growths. 
Two main varieties of such “early proliferation” could be distinguished 
in our material: perivascular nodules and diffuse proliferation; however, 
the transitional forms of proliferation also were often seen in the tissue. 

At later stages most of the “early proliferations’ disappeared because 
newly formed collagen fibers gradually separate their cells. The process 
of fibrogenesis slowly continued in a wide zone around DMBA pellets 
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until at the end of the observation period a 10- to 12-mm. collagenous 
mass was formed. At this time (after 3-4 months) numerous groups 
consisting of a few cells and cellular nodules of a larger size were seen 
between collagen fibers. This secondary proliferation was chiefly com- 
posed of atypical fibroblasts, and their morphology is identical with that of 
the “presarcomatous nodules” described by Golbert and Shabad (66), 
Such nodules can be regarded as the earliest microscopically visible foc; 
of the sarcomatous growth. Thus three main stages of the evolution of 
the cellular proliferation around DMBA pellets can be schematically 
distinguished: (1) disorganization of the encapsulation process leading 
to formation of “early proliferation” at some distance from the pellet, 
(2) collagenization of this early proliferation, and (3) development of 
sarcomatous foci from the cells remaining in the collagenized area. This 
is the most frequent sequence of events, but is not the only possible one. 
For instance, malignant growth can, probably, start from the non- 
collagenized cellular proliferation. 


CONCLUSIONS 


The data presented in this paper show that early changes induced in 
the subcutaneous connective tissue by carcinogenic hydrocarbons cannot 
be interpreted as purely quantitative changes in the intensity of inflam- 
mation and in the rate of encapsulation of pellets. The changes are a 
combination of alterations which are typical of these early stages: inhibi- 
tion of the fibroblastic differentiation, accumulation of lipides in cells, 
disorganization of fibrogenesis, and lymphoid infiltration. All these 
changes developing together lead to a profound and peculiar distortion 
of the normal course of inflammation and encapsulation, which seems to 
be an effect characteristic of active carcinogenic hydrocarbons. Some of 
the descriptions of the changes produced by X rays in the inflamed con- 
nective tissue (67, 68) indicate that early effects of this agent may be 
in many respects similar to those caused by chemical carcinogens. If such 
similarity of the early changes were confirmed, it would support the idea 
of a common mechanism of action of different types of agents, which are 
able to induce neoplastic transformation in the subcutaneous connective 
tissue. 

It is not clear at present in which way early changes are connected with 
the final result of the process—with the development of malignant tumors. 
Two suggestions can be made in this connection: (1) Inhibition of fibro- 
blastic differentiation may be the first microscopically visible result of 
an interaction of carcinogenic substance with some cell components essen- 
tial for differentiation and growth control. Such inhibition may ulti- 
mately lead to the selection of cells deficient in specific components 
essential for differentiation and growth control (40, 69,70). (2) Changes 
in the conditions of cell nutrition developing as a result of distorted colla- 
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genization may favor the survival of cell variants that are better adapted 
for life in such environment. Obviously, this suggestion is to some 
extent like the hypothesis on indirect mechanism of carcinogenesis, by 
Orr (71, 72), and like the “trophic theory of malignization” proposed by 
Larionov (73). Such indirect mechanisms probably have important func- 
tions in the carcinogenic action of subcutaneously implanted plastic films 
and of other chemically indifferent materials (74-76). It is worth men- 
tioning that, as Oppenheimer and his collaborators (77-78) have shown, 
after several months the subcutaneously implanted plastic films become 
surrounded by a wide zone of collagenized connective tissue; later foci 
of proliferating atypical fibroblasts appear in this zone. This sequence 
of histological changes is to some extent like that observed at late stages 
of the induction of sarcoma by carcinogenic kvdrocarbons. 
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PLATE 32 


Figure 1.—-Mature fibroblasts and large macrophage (arrow) in the normal com 


tissue of rat. Spread stained by Jasswoin’s method. > 1,500 


Figure 2.—Mature fibroblasts in the normal connective tissue of rat. 
stained by Jasswoin’s method: X 1,500 
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PLATE 33 


Ficgure 3.— Young fibroblasts in rat connective tissue near paraffin pellet (¢ » | 
3 days after implantation. Spread stained by Jasswoin’s method. 1,500 


Figure 4.—Young fibroblasts and lymphoid cells in the rat connective tissuc neat 
DAMBA pellet (group V); 10 days after implantation. Spread stained by Jass- 
woin’s method. > 600 
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PLATE 34 


Fiagures 5 and 6.—Lymphoid cells and macrophages in the connective tissu 
MC pellet; 10 days (fig. 5) and 14 days (fig. 6) after implantation. Spread s 


by Jasswoin’s method. 1,500 
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PLATE 35 


Figure 7.—Lipide droplets in the cytoplasm of fibroblast near DMBA pellet; 7 


after implantation. Spread stained with Sudan black. 2,000 


Figure 8.—Lipide droplets in the cytoplasm of connective tissue cells near D 
pellet; 5 days after implantation. Spread, caffeine-benzpyrene.  Fluoress 
microscope. 1,500 
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PLATE 36 


Figure 9.—Connective-tissue capsule surrounding paraffin pellet (group | 
after implantation. Hematoxylin and eosin. 200 


Figure 10.—Connective tissue surrounding DMBA pellet; 10 days after impla: 


Connective-tissue capsule around the pellet is absent; only a few cells are 


tissue near pellet. Hematoxylin and eosin. 200 
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PLATE 37 


Figure 11.—Newly formed reticulin fibers in the connective tissue near D\IBA 


pellet; 15 days after implantation. Foot’s method. 200 


Figure 12.--Acid muecopolysaccharides (black and gray) surrounding nodules of 


collagen (unstained “holes’’). Connective tissue near DMBA pellet; 30 days after 
implantation. Miuller’s modification of reaction with colloidal iron. 200 
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PLATE 38 
Figure 13.—Perivascular cellular nodule in the connective tissue at some « 


from DMBA pellet; 15 days after implantation. Hematoxylin and eosin. 


Figure 14. 


Collagenization of the connective tissue around small blood y« 
some distance from DMBA pellet; 90 days after implantation. 
eosin. 200 


Hematoxy 
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PLATE 39 


Ficgure 15.—Fibroblasts in the collagenized area at some distance trom the 
pellet; 120 days after implantation. Hematoxylin and eosir. 200 


Figure 16.—Nodular proliferation of the atypical cells (“presarcomatous 1 
in the collagenized area at some distance from DMBA pellet; 120 days aficr im- 
plantation. Hematoxylin and eosin. ~ 200 
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Some Problems in the Estimation of Familial 
Risks of Disease ' 


WILLIAM HAENSZEL, Biometry Branch, National 
Cancer Institute,? Bethesda, Maryland 


SUMMARY 


Some differences between investigations 
of familial distribution of disease and 
the distribution of recessive character- 
istics in individuals are discussed. 
While the biological model for inherit- 
ance of recessive characteristics sup- 
ports the use of a binomial distribution 
in the estimation of their frequencies, 
from index-case data, its application in 
studies of disease is questionable. 
Different approaches to the calculation 
of familial risk of disease, from index- 
case and control data, and their under- 


lying assumptions are discussed and 
illustrated with stomach-cancer data 
reported by Videbaek and Mosbech. 
The model of equal probability of ascer- 
taining affected individuals is also con- 
sidered for familial studies of disease. 
Tabulations of the case-order distri- 
bution of index cases are advocated as 
a means of investigating whether ascer- 
tained index cases reflect a distribution 
of affected individuals or of families 
with affected individuals.—J. Nat. Can- 
cer Inst. 23: 487-505, 1959. 


A STANDARD procedure in studies of familial distribution of disease 
is to take a group of persons known to have the disease in question and 
determine the frequency of its occurrence, usually from examination of 
death certificates, among relatives within a specified degree of kinship. 
The results may then be compared with the corresponding findings for 


relatives of control individuals. The controls may be matched with the 
index cases on age, sex, occupation, source of medical care, and other 
characteristics thought to be pertinent. Or the comparison may be with 
an expected number of deaths based on mortality rates for the general 
population, taking age and sex distribution of the relatives of index cases 
into account. While these refinements in comparisons are desirable, 
they are peripheral to the central problem arising from the fact that 
relatives of index cases do not constitute a random sample of families, 
since they come to the investigator’s attention because of the presence 
of an affected individual within the family. 

For example, in some studies families with more than one affected 
individual may have an increased probability of representation in a series 


' Received for publication January 20, 1959; revised June 8, 1959. 
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of index cases. Some aspects of index-case selection which might bias 
estimates of familial aggregation of disease were discussed in a recent 
review of stomach-cancer incidence and mortality (1). One method of 
adjusting for this bias was suggested by a procedure developed by Green- 
wood and Yule in their investigations of family size and birth order (2) 
and later applied to stomach-cancer data in a report by Videbaek and 
Mosbech (3). Essentially this involved a transformation from a distri- 
bution of affected individuals to an estimated distribution of families, 
on the assumption that all stomach-cancer cases within each family were 
equally liable te selection as an index case. 


ESTIMATION OF FREQUENCIES FOR RECESSIVE 
CHARACTERISTICS 


Investigations of the frequencies of recessive characteristics in individ- 
uals generally antedate those concerned with familial distributions of 
disease. Bailey (4), in reviewing methods of ascertainment and analysis 
for recessive characteristics, pointed out that investigators must make a 
different analysis of data on families with an affected individual than of 
data collected from a random sample of families. Weinberg (4, 6) was 
one of the earliest writers to stress the need for adapting the statistical 
analysis to the sampling procedure used. 

Fisher (7) made this distinction clear in presenting methods for analyzing 
data on albinism from a random sample of families (his “proband method”’) 
and from the index-case approach (his “sib method”). Both Satoh 
required the following assumptions: (a) The characteristic studied can 
be detected at any time after birth and has a constant probability of 
occurrence; specifically, the probability does not vary among families nor 
with the individual’s age. (6) The presumed Mendelian characteristic 
is binomially distributed in the population at risk. (c) The population 
at risk excludes families incapable of producing sibs with the characteris- 
tic—the estimated frequency of no cases per family in effect being deter- 
mined by fitting a binomial distribution to the observed frequency distri- 
bution of families producing one or more albinos. The observed propor- 
tion of affected sibs in the families studied was tested by comparison with 
an expected proportion derived from a binomial distribution model. 
Fisher, for simplicity of exposition, dealt with a fixed family size, but this 
restriction need not concern us here, since provision for varying family 
size could be incorporated into an analysis. 

Fisher’s index-case approach further assumed that the probability of 
ascertaining an index case is independent of the composition of the family 
to which the case belongs. Under these conditions, if z represents the 
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number of cases in any family, z will have the distribution F(z) in the 
total population defined as a collection of families. If, however, each 
affected individual is labeled with the number z equal to the number of 
affected individuals in the family to which he belongs, then the distribu- 
tion of 2 among affected individuals will be represented by a function f(z) 
proportional to z¥(z), since each family will occur z times in the distribu- 
tion f(z). The relationship between the distribution of affected individ- 
uals [f(z)] and the distribution of families [F(z)] can be written as 


f(z) = 2F(). 


Example 7 illustrates the theory underlying the computation of the 
proportion of affected sibs in the index-case situation when the characteris- 
tic is assumed to be distributed binomially with a fixed probability p over 
N families with 5 sibs each. The binomial expansion terms for the F(x) 
and f(x) distributions appear in the second and third columns. The point 
to be noted is that multiplying f(z) by the number of other affected sibs 
within the same family, (2 — 1), yields an estimated value of p for the 
binomial model of family distribution—(p + q)’N. This estimated p 
is for a distribution which states that the appropriate value for F(0), the 
number of families with no affected individuals among r sibs, is q’N, a 
subset of families without affected sibs whose parents are potentially 
capable of producing such sibs. 


ExaMPLE 1,—Estimated proportion of affected sibs, considering each affected sib as 
a potential index case; illustration for N families of 5 sibs each, with 
characteristic assamed to follow binomial distribution 





: ‘ Bic Distribution of 
. Binomial distribu- : Number of other 
Number of affected tion of families affected sibs affected sibs in 


sibs in family ((p + q)®N) ge poe family of index sib 





F(z) f@) = zF(z) (z — If(a) 
sty pN 
1009 oy 
10q2p?N 30q2p3N 
5gptN 20gp*N 
pN 5p>N 


N 5pN 





The total number of sibs per index sib is 4 X 5pN = 20pN; thus, the estimated pro- 
portion of affected sibs is 20p?N/20pN = p, which is the probability for an affected sib 
in the binomial distribution—(p + q)5N. For families of r sibs, [(¢—1)f(z)/Zf(z) = 
(r—1)p and p is estimated by dividing the ratio of the two sums by r—1. 


At this juncture it may be worth mentioning that the binomial model 


for family distribution, given a fixed value of p, does not require that the 
index cases be affected sibs to estimate p. The selection of unaffected 
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sibs leads to the same estimate of p, as can be seen by rewriting the last 
two columns of example i as follows: 


Distribution of Number of 

unaffected sibs affected sibs in 

(total potential family of index 
index cases) sib 





f@) = 6—2)F@) af (x) 


5q5 — 


5qN 20qpN 
The total number of sibs per index sib is 
4 X 5qN = 20qN;; the estimated proportion 
20qgpN 
20gN 
answer obtained in example i by using 
affected sibs as index cases. 





of affected sibs is = p, the same 


This observation is useful for a later discussion of estimates obtained from 
index cases and index controls. Differences in p values for index cases 
and controls can arise from departures from the simple binomial distri- 
bution situation just described. In particular, if samples of index con- 
trols reflect a mixture of two types of families, some with the risk p = p’, 
and others not effectively at risk so that p = 0, the estimates of p from 
such a series will yield values intermediate to 0 and p’. 

If the_ binomial is replaced by a Poisson distribution model 


e~*z" 
PQ) = ni 
(x — 1)f(z) 


: -  - _ 
——e = act od 
Fa) reducing to NE where Z is the average number of affecte 


in example 7 an analogous result is obtained, the ratio of 


sibs per family. For families of r sibs, Z = rp and division of Z byr 
provides an estimate of p. Again, this estimated p is for a distri- 
bution in which the appropriate value for F(0) is e~7N. The Poisson 
model has some computational advantages over the binomial when the 
number of sibs per family is not constant, since we may conveniently 
write Z = Fp, where F is the average number of sibs per family and p may 
be estimated through division by the average number of sibs. 

Example ii gives the index-case computation for the numerical data on 
albinos, originally used by Fisher (7). Here the f(z) distribution is repre- 
sented by the number ascertained, which will usually be incomplete. 
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Complete ascertainment of all index cases is not required, so long as it 
can be assumed that each potential index case had an equal probability of 
inclusion in the study series. If we assume a constant probability of 
ascertainment, a, and write out, following Kempthorne (8), the probabili- 
ties for all possible combinations of ascertainments, a turns out to be a 
proportionality factor appearing in both numerator and denominator of 
the ratio in example 7, and cancels out. 

The estimated p in example ii was compared by Fisher with a value 
predicted by a mathematical model. 
ExaMPLE 7i7.—Estimated proportion of affected sibs, considering each affected sib 


ascertained as an index case; illustration for families of 4382 index 
sibs, with 5 sibs in each family [after Fisher (7)] 





Number of affected Number of affected Number of other 


sibs in family sibs ascertained aay oficial 





f(@) (z — 1)-f@) 


140 _ 
184 184 
80 160 
26 78 
2 8 


432 430 





_ 2(z — 1)-f(@) _ __ 430 


427 (a) ™ 350 x1 = 9-240 





Example 727 outlines Fisher’s estimation procedure for the situation in 
which the data result from ascertainment through families, and not 
through individuals. It should be noted that Fisher worked with a curtate 


EXAMPLE 177.—Estimated proportion of affected sibs for a random sample of families; 
illustration for 340 families of 5 sibs (with 1 or more affected sibs) 
in which the additional number of families with no affected 
sibs is estimated by assuming a binomial distribution 
{after Fisher (7)] 





Number of affected Observed distribu- Number of 
sibs in family tion of families affected sibs 





F(a) 2F (x) 


140 140 
132 264 
54 162 
13 52 

1 5 


340 623 





zrF(z) «ss 6238—— 
BEF (z) — 340 x 5 ~ 0-365. 
Assuming a binomial distribution (p + q)> the contribution of g° families with no 
cases to an estimated p for all families can be allowed for by noting that the estimated 


number of families at risk would be 340 X L . Therelation between p and # can 


? 


= p, an equation which can be solved numerically. In 





P for families with one or more affected sibs = 


then be written as p X 


1 
1 — 
the present example p = 0.309. 


VOL. 23, NO. 8, SEPTEMBER 1959 





492 HAENSZEL 


distribution of families with one or more albino sibs; p for the curtate 
distribution is estimated as the ratio of affected to total sibs. The propor- 
tion is then adjusted to a binomial distribution model by noting that ¢ 
families at risk should have no albinos. The adjustment in example jij 
leads to a fitted value of 64 families for F(0). It may be noted that if no 
mathematical model were assumed and if the sample had included observa- 
tions on families with no cases, p could be estimated straightforwardly as 
ae » where =rF(z) is the total number of sibs at risk. This latter 
estimate of p would be descriptive of a general population of all familie, 
and not be directly comparable with the p computed in iii, which is an 
estimate for families capable of producing albino sibs. The observed 
number of families with no albino sibs, since it includes families not at 
risk, should exceed any fitted value for F(0). 


FAMILIAL DISTRIBUTION OF DISEASES 


We turn now to studies of familial distribution of diseases to consider 
in what respects they differ from investigations dealing with recessive 
characteristics. While several papers have reported data for specific 
diseases, the issues may be illustrated by reference to the papers of Penrose 
et al. (9), Videbaek and Mosbech (3), and Woolf (10) on breast and 
stomach cancer. We shall be concerned chiefly with the following ques- 
tions as they relate to studies of disease distribution: 

1. What do index-control data represent and how are comparisons of 

index-case and control data to be interpreted? 

2. Is the segregation of families into two groups—one in which the 
members are at zero risk of developing the disease and the other in 
which the member’s risk is a constant probability p, after adjustment 
for age and sex—a realistic model? 

3. Is each affected individual equally liable to ascertainment as an 
index case and is ascertainment in effect by individuals? 

The scope of familial studies of disease is often enlarged to include 
parents (and their sibs) to increase the observed numbers of cases among 
relatives. The more inclusive definition of a family does not materially 
affect the general problem of estimating familial risks, and need not be 
considered here. 

Since the risk of virtually all diseases varies with sex and age, the 
absolute magnitude of the proportion of relatives with disease is not 
susceptible to a simple, direct interpretation, which is often possible for 
recessive characteristics. Interest must be directed rather to the relative 
size of p in comparison to some appropriate control value. Often, p will 
not be computed and the comparison takes the form of a contrast between 
observed and expected numbers. 
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CONTROLS 


Control data are intended to be descriptive of the situation in the total 
population (taking sex and age into account), including the contribution of 
families with little or no liability to the disease under study, and are 
generally obtained in one of two ways. One procedure applies the age-sex 
specific risks in the general population for the disease under study, usually 
mortality data from vital statistics offices, to relatives of index cases to 
estimate an expected number of cases, assuming that the risks in the 
general population prevail. The general population mortality experience 
generates, by definition, a control distribution of deaths by families 
(adjusting for age, sex, and family size), which assumes that the disease is 
independently distributed by individuals and by families. 

The underlying principle remains unchanged by use of proportionate 
mortality rather than absolute mortality. The former eliminates differ- 
ences between observed and expected values which might arise from the 
underascertainment of deaths among relatives. Penrose has relied on 
this type of control; Videbaek and Woolf have used it to supplement their 
findings for relatives of matched index controls. 

The other procedure adopted by Videbaek and Woolf calls for the selec- 
tion of a sample of matched index controls, which may be thought of as 
another means of generating a representative sample of families from the 
total population, with respect to the disease under study. Such samples 
can be shown not to be representative as to family size, but this can be 
adjusted for in the analysis. The families, including the index control, 
would not constitute a completely representative sample because of the 
stipulation that the index control not have the disease, but this reservation 
would not apply to the relatives of the index control, assuming that the 
findings for index controls and their relatives are independent. The 
intuitive argument that relatives of index controls constitute a cross 
section of experience for families drawn at random from the general 
population, which rests on inability to discern a systematic bias in the 
index-control approach, is strengthened by the correspondence in the 
observed deaths-by-cause among relatives of index controls, with the 
expected values predicted from general mortality data. The data of 
Videbaek and Mosbech and Woolf, summarized in table 1, are of interest 
in this connection. 

The observed and expected values for cancer deaths among relatives 
of controls appear in close agreement, the striking exception being the 
reduced number of gastric-cancer deaths observed by Videbaek. He 
supplies few details on rules for identifying and selecting controls, and the 
reason for this one discrepancy must remain conjectural. Since friends, 
acquaintances, and hospital employees were a major source of index 
controls, the presence of stomach cancer among relatives of these potential 
controls may have led to the inclusion of the family in Videbaek’s stomach- 
cancer proband series, so that the experience of control families may 
reflect a selective bias against this one site. 
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TaBLE 1.—Comparison of observed and expected numbers of deaths among relatives 
of index controls 





Observed Expected 
number number * 





Videbaek and Mosbech (3) 
Carcinoma of all sites except stomach 288 269 
Carcinoma of stomach 58 128 
Woolf (10) 
Cancer, all sites 60 
Breast cancer 7 
Stomach cancer 15 





*Based on mortality experience for the general population. 


The generally representative nature of the experience for relatives of 
index controls has its counterpart in experience reported for relatives of 
index cases. For diseases other than the one governing the selection of 
the index case, relatives of index cases may be thought of as falling into 
the same class as relatives of index controls. Penrose reported that the 
cancer mortality for all sites other than breast cancer (the disease under 
study) among relatives of index cases corresponded closely to the expected 
values from general mortality data. Videbaeck’s stomach-cancer study 
showed that relatives of index cases and of index controls agreed closely 
on cancer mortality for sites other than the stomach. 

Strictly speaking, index controls are a sampling of “unaffected indi- 
viduals,” and not of families, and they lead to estimates of the proba- 
bility of not developing the disease, which employ the assumptions out- 
lined for the index-case approach. The argument stated in examples i 
and 7 is symmetrical and applicable either to presence or absence of 
disease and can be used to estimate g (the proportion of members of 
index-control families without the disease). Taking advantage of the 
relationship p + gq = 1 yields an estimate of p predicated on a binomial 
distribution among families of “unaffected persons.” When p is small 
and q large, index-control data may be treated either as arising from a 
sample of families or from “unaffected individuals,” since both approaches 
will result in almost identical answers. (The two methods applied to the 
data for index controls in example v in fact yielded the same estimate 
of p, 0.012.) The close connection between the two methods can be seen 
by noting that the number of families contributing only unaffected 
relatives and no cases (an important determinant for small p) remains 
virtually unchanged in fitting a binominal distribution for families whose 
members are at risk of remaining free of the disease under study. 


BINOMIAL DISTRIBUTION ASSUMPTION 


The use of a binomial distribution with a fixed value for p is not in 
question for studies of recessive characteristics in which mathematical 
models based on gene combinations are well documented. No parallel 
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theory on the inheritance of susceptibility to specific diseases can be 
advanced to support the choice of this model for the latter situation. In 
particular, the notion that families can be divided into two well-defined 
groups—immunes and susceptibles—with p (adjusted for age and sex) 
invariant for susceptible families seems suspect. Some questions would 
remain even if the theory were modified to describe families in more 
quantitative terms as presenting two distinct distributions, one in which 
the risks were close to zero and the other in which the risks were centered 
around p. For many diseases, including cancer of specific primary 
sites, a variety of associations with environmental factors and personal 
attributes of individuals have been demonstrated. Under these con- 
ditions the collected data may also reflect nongenetic environmental 
factors. Rather than a sharp demarcation among families, it might be 
reasonable to consider the alternative of a single, continuous distribution 
function for describing the variation of p among families, which is not 
readily decomposable into two or more components. Since the modal 
frequency for the distribution of diagnosed cases by family is usually 
zero, negative exponential-type distributions come to mind in this con- 
nection. The issue of fixed or variable p assumes importance in discussing 
the computations for index-case and control data which follow. 


COMPUTATIONS FOR RELATIVES OF INDEX CASES AND 
CONTROLS 


Examples iv and » present illustrative computations based on Videbaek 
and Mosbech’s stomach-cancer data for relatives of index cases and 
controls. It should be emphasized that these data were selected because 
of the detail in which the results were presented. Any substantive 
interpretation is incidental to a discussion of methodological and compu- 
tational problems. 

Since index cases have generally been thought to reflect ascertainment 
of individuals, we will start by assuming that the frequency distribution 
in example iv reflects ascertainment of individuals, f(x), rather than of 
families, F(x), and that each case within a given family had an equal 
probability of representation in the index-case series. These assumptions 
will be re-examined later and may require modification. At first glance 
it would seem not unreasonable for the Videbaek series, since the index 
cases must have been drawn from hospital records over a period of years. 

The computation for index cases in iv is essentially the one used by 
Videbaek. While he did not subclassify his data by size of the family, 
when the value for the average number of relatives per index case is 
inserted, the computation of iv can readily be seen to follow the form of 
example 77. The estimate of p, 0.045, implies a binomial distribution 
of cases among families susceptible to stomach cancer whose members 
were subject to the same risk of developing stomach cancer (adjusted for 
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age and sex). Given the assumptions as stated, the computation would 
be appropriate. One interesting sidelight is that this “fixed p” model 
calls for a computing procedure that weights the contributions from 
families with more than one diagnosed case by the number of those 
ascertained for each family. 

The initial computation for relatives of index controls in example » 
(a), which treats the data as representing a sample of families from the 
general population, yields an estimated p of 0.012, and follows Videbaek 
who considered the contribution of all families with no cases, rather than 
that of a subset of families with no cases-at-risk specified by a mathe- 
matical model. When the 0.012 is contrasted with the 0.045 for the 
index-case series presumably the presence of low-risk families in the 
control population is suggested. 

If the index-control relatives are assumed to be divided into immune 
and susceptible groups, an estimated p for susceptible families in the 
control series can be derived. This is done in v (6) by discarding the 
observed F(0) value and substituting a calculated one, which follows the 
family sample procedure of example zz. If a binomial distribution is 
assumed, p for susceptible families is re-estimated as 0.023; the use of a 
Poisson model yields p = 0.020. Both estimation procedures are approxi- 
mations based on average family size. When data can be subclassified 
by family size, an exact analysis would handle each family size separately 
and combine the results for each family-size group. ; 

This re-estimate of 0.023 from index controls in v remains substantially 
lower than the index-case estimate of 0.045 from iv, despite the fact that 
both presumably relate to groups of susceptible families. Why do they 
differ? Ignoring for the moment the possibility of selective bias in Vide- 
baek’s index controls mentioned earlier, it can be pointed out that the 


EXAMPLE iv.—Estimated proportion of gastric-cancer cases among relatives of index 
case of gastric cancer; illustration for 302 index cases [after Videbaek (3)] 





Number of gastric- Number of index Number of gastric- 
cancer cases in cases of gastric cancer cases among 
“family” cancer ascertained relatives of index 
cases 





f(z) (a1) f(z) 


196 _ 
76 76 
38 

27 

8 


149 





Enumerated were 3,288 relatives of 302 index cases or 10.89 relatives per index 
case. With this average value for sibs per family in the binominal distribution 


model of example it, P= 302 x 10.89 0.045 
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ExaMPLE v.—Estimated proportion of gastric-cancer cases among relatives of index 
“controls”; illustration for 390 controls [after Videbaek (3)] 





Number of gastric- Observed distribu- Number of relatives 
cancer cases in tion for a sample of with gastric 
“family” control families cancer 





z F(z) F(z) 


44 
14 


58 





(a) Enumerated were 4,782 relatives of 390 index controls or 12.26 relatives per 
index control. Taking observations as they stand and assuming no distribution 
, 58 

function p = 3900 x 12.26 = 0.012. 

(b) If a binomial distribution is assumed, discard the F(0) observations and in 
qa = 0.0928. Solving for p X 
= p, p = 0.0231. Or assuming a Poisson distribution discard the F(0) observations 
and estimate Z as follows: = (« — 1)f(x)/Zf(z) = 14/58 = 0.2414; in dividing Zz, the 
average number of cases per family, by the average membership, 12.26 relatives, 
p = 0.020. 


following example iii compute p = [qs 


two estimates will differ when p varies among families. The divergence 
in estimates from the two types of samples might even be construed as 
evidence against the hypothesis of a single value of p among susceptible 
families. This test is one bonus which can accrue from the use of an index- 
control series rather than the general population mortality data. 

When p varies among families it can be shown that p is biased down- 
ward for index-control series and upward for index-case series. Returning 
to example 7 we note that the estimator for p, disregarding the constant 
terms, reduces to p?/p (affected persons as index cases) or to pq/q (un- 
affected persons as index cases). Replacing constant p with variable p, 
the expected values of p for the index-case and index-control estimates 
can be written as follows, where 3 is the average value for all families under 
study and g = 1 — PD: 


Index-case estimate = =P) _ E(p) + re aw 5 + SP 


E(p) E(p) Pp 


7 — arp 
E@ ? q 


E(p9) _. B(p) — VTP 


Index-control estimate = E@ 

The formulas give some insight into why index-case and control series 
may yield divergent estimates of p. Only for binomial-type distribution 
with fixed p (represented by example 7) will the answers tend to be the 
same. When p is small the upward bias in the index-case estimate will 
be greater than the downward bias in the index-control estimate; the latter 
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in many instances would be trivial. The magnitude of the displacement of 
the index-case estimate will be directly proportional to the variance of p, 
which in turn depends on how p is distributed, and may be sizable. For 
example, if p is assumed to be uniformly distributed from 5 — d to 7 + d 
the variance term would be d?/3; in the special case where d = } and pis 
uniformly distributed between 0 and 23, the index-case estimate would be 
p + p/3, one-third greater than > averaged over families. For other dis- 
tributions, particularly of the negative exponential type, the index-case 
estimator could easily be double the value for 3. 

It should now be evident that the usual estimates of p derived from 
index-case and control series are not always comparable and that attention 
should be given to other estimation approaches which might improve 
comparability. 


ESTIMATES FROM SAMPLES OF FAMILIES 


When there is evidence that p can vary among families, the choice of 
estimation procedure will be conditioned by study objectives and by the 
interpretation to be placed on the results. What meaning is to be attached, 
for instance, to the finding that the proportion of persons with disease in 
index-case families is twice that for relatives of index controls? First of 


all, these investigations are essentially retrospective in nature, and one 
primary goal should be to reach the same conclusions as those obtained 
from a prospective study, if one had been done. In a forward study the 
members of families selected on the basis of familial history of disease 
would be followed and their experience compared with that of members of 
families drawn at random from the general population. This would 
usually take the form of a contrast of average attack rates in the two 
groups of families. 

From this viewpoint a severe test for assuming a binomial distribution 
with fixed p for index-case families would be whether the proportionate 
difference in the estimated p for index-case and control series, which was 
found by applying the procedures of iv and » (a), could be confirmed by 
forward observations on members of the same families. No data of this 
kind are known to the writer and no evidence can be offered to support 
the proposition that the results of forward observations on members of 
index-case families could be represented by such a distribution. 

The foregoing remarks do not exclude the possibility that larger for- 
ward-study differences between index-case and control families could be 
produced by applying more stringent criteria to the definition of index- 
case families, such as specifying a family history of two or more diagnosed 
cases or the presence of other associated characteristics. The principle of 
correspondence between retrospective- and prospective-study results 
would still hold, so long as classification criteria were consistent for both 
types of studies. 
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These considerations lend attraction to estimates derived along the 
lines of example 72 from representative samples of families with one or 
more diagnosed cases. When p varies among families this procedure will 
also give estimates of p larger than p, where 7 is the average value for all 
families under study, but not to the same degree as the index-case 
approach. 

When data are given which reflect ascertainment of affected individuals, 
can the data be transformed into an estimated distribution of families with 
one or more affected individuals? Representative samples of such families 
could be generated by a scheme which permitted only one affected person 
per family to be eligible as an index case. This condition might be met, 
for example, by a rule which restricted eligibility as an index case to the 
first case diagnosed in the family. When affected individuals are ascer- 
tained with the probability of ascertainment for each being equal and 
independent of family composition, the Greenwood-Yule device of adjust- 
ing an observed distribution of ascertained cases, f(x), through division by 
the total number of cases in the family, z, is essentially a statistical approxi- 
mation of a familial distribution, F(x), such as might be obtained by 
ascertainments restricted to first diagnosed cases only. 

Examples vi and vii illustrate methods for computing p from index-case 
data, which utilize the Greenwood-Yule correction. After the adjustment 
from f(z) to F(x), vi follows the procedure for family samples presented 
in iii, which retains the binomial distribution assumption. There is a 
working estimate of for a curtate distribution of families; this average 
value is then incorporated into a distribution model to make an allowance 
for a group of families-at-risk with no observed cases. This leads to an 
estimated p of 0.041 for the Videbaek index-case series, which is somewhat 
lower than the figure of 0.045 derived in example iv. The difference 
here arises from permitting variation in risk among susceptible families, 
without abandoning the notion of a dichotomy between susceptible and 
immune families. 

Once the ascertainments have been transformed into a familial dis- 
tribution, the information on index cases is essentially discarded as in 
example vii and the computation of p determined from the experience 
of the relatives. The computation makes no assumption as to how 
the risks for relatives are distributed among families. In the next section 
it is observed that the latter phase of the analysis in vii may be a fairly 
realistic representation of the calculations actually carried out on index- 
case data. 

The procedure can be expected to lead to an underestimate of p, since 
some cases have been systematically excluded, and the underestimate 
could be large for situations in which the binomial distribution model 
with fixed p was applicable. The nature of the bias can be described by 
returning to the illustration in example 7. Considering only families 
with affected individuals there will be a total of 5N(1 — q®) members; 
excluding the index case leaves 4N (1 — q®) members. The number of cases 
among relatives, excluding the index case, is represented by 5pN — 
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(1 — @)N. Relating these cases to the remaining relatives yields the 
5pN — (1 — g)N 
4N(1 — q’) 
generalizing the result to families of r members leads to rp + gq’ — 1; 
(1 — q’)(r — 1). While the expression can be readily seen to converge 
to p as r increases without limit, this statement does not apply to the small 
values of p and r typically encountered in studies of disease. When p is 
less than 0.1 and the number of relatives no greater than 10 to 15, the 
estimated p would be little more than half the true value for binomial p. 

The underestimate will be much smaller in situations where the bj- 
nomial distribution model does not apply and where the possibility 
may be accepted that the number of families with no cases-at-risk exceeds 
the Ng’ implied by the binomial distribution. Under these conditions 
the fraction of the total population-at-risk represented in the denominator 
of the estimation ratio rp + qg’~'/(1 — q’)(r — 1) would be less than 
that indicated by (1 — q’), and would bring the estimate more closely 
in line with the population value. 

The computation of example vii, which places no arbitrary restrictions 
on a group contributing no cases, closely resembles that for relatives of 
controls outlined in v (a). For Videbaek’s data the estimate for relatives 
of index cases is p = 0.022, which is much lower than the estimates arrived 
at in i and vi. These comparisons indicate the large effect which the 
choice of an underlying model can have on estimates from the same set of 


ratio 





as an estimate of p. Factoring out N and 


EXAMPLE vi.—Estimated proportion of gastric cancer cases computed from an approxi- 
mated curtate distribution of families with one or more cases; 
illustrated for 302 index cases [after Videbaek (3) ]} 





Estimated number 
of gastric-cancer 
cases in these 
families 


Number of index- Reduced to 
cases of gastric estimated distri- 
cancer ascertained bution of families 


Number of gastric- 
cancer cases in family 





(z) f(@) F(z) = f{@) xF (2) 


z 


196. 0 
38. 0 
6. 


2. 
0. 


243. 0 





p for families with one or more affected relatives (average family membership of 
302 
11.89) = 343 X< 11.89 = 0.105. 
Assuming a binomial distribution and inserting an average p value, the contribution 


of families with no cases-at-risk may be allowed for [following iii and v (b)] by writing 


1 
» X Tain @ 95 P = 0041. 
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ExaMPLe vii.—Estimated proportion of gastric-cancer cases among relatives of index 
cases of gastric cancer (family sample approach); illustrated for 
302 index cases [after Videbaek (3) ] 





Number of gastric- Number of index Reduced to Estimated number 
cancer cases among cases of gastric estimated distri- of relatives with 
relatives cancer ascertained bution of families gastric cancer 





(@- 1) f(z) F(e) = f@) (@ — 1)F@) 


z 


196 
38 
6. 


2. 
0. 


243. 0 





59.1 


The number of relatives per index case is 10.89 (example iv); p = 243.0 X 10.89 


= 0.022. 


data. When the presence of well-defined groups of susceptible and 
immune families and the rationale for the use of the binomial distribution 
remain in doubt, the estimate of 0.022, in vit, for relatives of index cases 
would be the conservative choice for comparison with the estimate of 
0.012 for relatives of index controls in v (a), or with corresponding general 
population mortality data. After allowing for potential overrepresenta- 
tion of families with more than one case, in the sample, this approach 
merely contrasts the cases observed among a group of relatives with an 
expected number based on some control experience. 


CONCEPT OF CASE ORDER 


The preceding discussion of the index-case method has assumed that 
all cases in a family were equally liable to ascertainment and that each 
ascertainment in a family of n cases would yield the answer that n — 1 
relatives had the disease. While the assumption seems plausible for a 
series of index cases assembled from hospital records and other source 
material covering long periods, or from survivors in the population at 
any given time, it would not appear to hold under all conditions. We 
have noted that it would not apply when only the first diagnosed case 
within a family is eligible to be an index case. 

A situation more frequently encountered, in practice, may tend to 
limit the index case to the last one occurring in the family. This type 
of restriction appears implicit in investigations which select index cases 
from current deaths, such as Woolf’s study in which the index cases were 
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drawn from registered deaths in Utah between 1940 and 1950, or from 
newly diagnosed cases. Carrying this selection device to its extreme, 
only the nth case in the family could bear the label n and have n — | 
affected relatives. Other cases in the family, had they been selected at an 
earlier date on a current basis, would have been labeled n — 1, n — 2 

. , With n — 2,n—3,... , affected relatives. A sampling scheme 
which permits only the last case within a family to be designated as an 
index case should yield a representative distribution of families, F(z), to 
describe relatives of index cases as of the time the observations were made. 
The earlier comment on the Greenwood-Yule correction as a device to 
approximate a familial distribution may be extended here to note that it 
may be regarded also as a method of approximating a distribution of cases 
of a specified order such as the first or last case in a family. 

The concept of order of the index case and its use in a cross-tabulation 
of number of cases by family may assist in identifying a distribution of 
ascertainments as representing a distribution of families, F(z), or of 
individuals, f(z), or an intermediate mixture. The table outlined below 
permits a test of whether probability of ascertainment is independent of 
case order: 





Total Order of index case 
index 
cases First Second Third Fourth Fifth 


Number of cases 
in family 








aq aq 
zy b, b, 
C2 


1 
2 
3 zc; C1 
4 zd; d, 
5 re; a (7) 





If the ascertainments are evenly distributed by case order and the hypothe- 
sis 6; = by; c, = C2 = C3; d; = dz = ds = dy, etc., cannot be rejected, 
application of the Greenwood-Yule correction to approximate a distribu- 
tion of families would appear appropriate. If, on the other hand, only 
last cases were represented (b, = 0, c; = ce; = 0, d; = d, = d; = 0, ete.), 
the results from the ascertainments would effectively represent an F(z) 
distribution for relatives of index cases; the computations outlined in vi 
or vit could then be carried out directly on the index-case observations 
without preliminary adjustment to transform them into a familial 
distribution. 

The distribution by case order of Woolf’s 200 stomach-cancer index 
cases can be approximated from dates of death supplied in an appendix 
table, and 15 index cases of indeterminate order allocated by assuming 
they died in 1945 (the midyear of Woolf’s collection period for index 
cases). His index cases are obviously not evenly distributed by case 
order and, as suspected, resemble closely a distribution of last cases: 
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Number of Total index Order of index case 
cases in family cases 





First Second Third 





161 161 
34 5 
5 1 





Whether these results for Woolf’s study would be typical of index-case 
data from other investigations of familial aggregation of disease remains 
to be determined. Overrepresentation of last cases must be conceded as 
areal possibility. It may be necessary to abandon or, at least, to modify 
the concept of ascertainment of individuals in familial studies of disease. 
The writer in introducing the Greenwood-Yule correction in the stomach- 
cancer paper cited earlier (1) followed tradition in assuming equal prob- 
ability of ascertainment of affected individuals, a concept he now regards 
as probably invalid for studies of this type. 

The principle of transforming observations in index cases into a repre- 
sentation of a familial distribution still seems sound, but the appropriate- 
ness of using the number of affected cases within the family as the correc- 
tion factor must be questioned. Rather, the nature of the correction 
should be determined from the characteristics of the index cases in any 
givensample. When last cases are heavily overrepresented, as in Woolf’s 
data, one might proceed by assuming that the last diagnosed cases are 
an estimate of an F(x) distribution. In computing p this would lead 
simply to the use of the diagonal values aj, b:, cz, . . . as the appropriate 
entries in the F(z) column of vi and vii for the weights of the contributions 
from families with 1, 2, 3, . . . affected individuals, instead of estimating 
F(z) as f(x)/z. Adjustment procedures based on case-order relationships 
observed in individual studies could automatically compensate for such 
anomalies as the selection of a migrant as an index case when the migrant 
is the only person from his family in the area eligible for selection as an 
index case. 

If Videbaek’s index-case data should turn out to relate primarily to 
the ascertainment of last diagnosed cases, the calculations of example iv 
would then represent 2(2 — 1)F(x)/2F(z), which is the risk among relatives 
of diagnosed cases, and the type of estimate described in vii. To the 
extent that Videbaek’s data reflect ascertainment of families, the com- 
parison of p = 0.045 for the index-case series with the result for a suitable 
index-control series may be more descriptive of the true situation than 
the use of the index-case estimates from examples vi and vii. Furthermore, 
if an interpretation based on a distribution model segregating immune 
and susceptible families is warranted, the contrast of 0.045 with 0.012 
would underestimate the true difference between Videbaek’s index-case 
and the index-control experience. 
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DISCUSSION 


The examples and accompanying discussion have indicated some of 
the uncertainties inherent in retrospective studies of familial aggregation 
of disease associated with the index-case approach. Comparisons of 
disease experience in families of index cases with that of index controls 
or with mortality of the general population raise the following questions: 

(a) Have comparable estimates of p with the same assumptions of 
distribution of risk among families been used? 

(6) Does the distribution resulting from index-case ascertainments 
represent families, F(x), or individuals, f(x)? 

(c) If the index-case observations represent ascertainment of individ- 
uals, can they be transformed into an F(z) distribution so that 
the computation of p would be descriptive of what could be obtained 
from a random sample of families containing index cases, and 
comparable with control results representative for samples of 
families drawn from the total population? 

Serious problems do not appear to arise in the use of index-control 
data so long as normal precautions are taken to ensure that they are 
representative samples of families from the population under study. 

The difficulties concerning index cases stem both from the lack of 
information on the details of data collection and from the absence of 
explicit statements on the mathematical models underlying the estimation 
procedures. Published studies have not as a rule spelled out how the 
index cases were selected, and none have systematically investigated index 
cases with respect to case order within the family. Adjustments of index- 
case observations so that they represent distributions either of affected 
individuals or of families with affected individuals should be predicated 
on models suggested by case-order configurations observed in studies; 
further discussion of this point could profit from examination of sub- 
stantive data. The concept of case order for index cases may offer a way 
to reconcile some divergent estimates of excess risk, such as those which 
have appeared in studies of stomach cancer, which range from the fourfold 
excess among families of stomach-cancer patients reported by Macklin to 
the more modest 70 percent excess reported by Woolf. Answers to this 
question depend in part on re-examination of source materials of published 
data, and it is hoped that some authors will be able to undertake this task. 

While a preference has been indicated for an index-case computation 
that starts from a family distribution and estimates an average rate for 
a group of relatives-at-risk, further work on the choice of models for 
estimation should be pursued because of the important effect on the sub- 
stantive results. Prospective studies, while more expensive and arduous 
than the retrospective variety, are free of the problems of index-case bias, 
and their analysis does not necessarily depend on postulating a mathie- 
matical model. A limited number of prospective studies might be 
attempted for specific diseases thought to exhibit familial aggregation. 
The objective would be the collation of results with the variety of esti- 
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mates from retrospective data and the examination of how cases occurring 
subsequently were distributed by families; this might then serve as a 
basis for choosing an appropriate analysis for index-case studies. 
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SUMMARY 


Results for cervical cancer are reported 
from the cytologic examination of 
33,750 women. Of these women 9,837 
had a second examination, 4,244 a third, 
1,662 a fourth, and 450 had from 5 to 10 
periodic examinations. These findings 
and those from 3 other studies that 
provided age-specific prevalence rates 
for carcinoma in situ and invasive 
cervical cancer are compared. The age- 
specific prevalence rates for carcinoma 
in situ in all studies hit a peak some- 
where in the 30 to 49-year-age range; 
are depressed somewhere in the 40 to 
59-year-age range; and then rise again 
forolder women. The possible meaning 
of the middle-aged depression of these 
rates regarding spontaneous regression 
of carcinomas in situ is discussed. In 
the periodic examination of women 


previously cytologically negative, those 
with class 2 cytology have about 10 
times the potentiality in the next year 
for carcinoma in situ compared to 
those previously of class 1. There ap- 
pears to be an extensive annual turn- 
over of those cytologically of class 2 
back to class 1, and replacement by 
women moving from class 1 to class 2 
cytology. The cancer probability for 
other positive cytology classes is pre- 
sented. The pattern of age-specific 
prevalence rates suggests that carci- 
noma in situ has a longer duration on 
the average when arising in younger 
women than in older women. The 
rates for the invasive stage do not 
suggest this for the invasive stage of 
the disease.—J. Nat. Cancer Inst. 
23: 507-527, 1959. 


THIS REPORT is based on the cytologic examinations of 33,750 women. 
Of these, 9,837 had a second periodic examination, 4,244 a third, and 


1,662 a fourth. Each of these screenings resulted in the detection of 
cervical cancer. An additional group of 450 of these women who had 
never had prior positive cytology had a fifth, 135 a sixth, and 46 from 7 
to 10 periodic examinations with only 1 instance of minimally suspicious 
cytology and no uterine cancers being found. This includes all examina- 
tions in 1950-55. These women were seen in private practice and for 
all practical purposes can be considered white and gentile. Over two 
thirds were patients of the gynecologists and obstetricians of the Gynob 
1 Received for publication March 25, 1959. 
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Group in San Diego and the remainder were patients of other physicians 
using the Gynob Cytology Laboratory. A cervical scraping provided the 
specimens used. Other details of technique and earlier findings have 
been previously reported (1, 2). 

The distribution by age of the screened populations of women, as com- 
pared to that of the adult female population of San Diego at the time of 
the 1950 census, is shown in table 1. The screened populations are 
deficient in older women beginning with age 50, and this becomes more 
marked with progressively older ages. It is the usual experience with 
screening programs that older people are less responsive; and this age 
distribution also would be anticipated because most of these patients are 
from the clientele of gynecologists and obstetricians. Some of the shifting 
in percentage distribution by age in successive screenings is due to aging 
of the original population. Thus, by fourth screening, few are left under 
20. Also by this time two thirds of those continuing with annual screening 
are in the 30 to 49-year-age bracket. 

TABLE 1 Pye e distribution by age of women initially examined cytologically 


and periodica ly compared with population of standard metropolitan 
area of San Diego (1950 census) 





San Diego 
standard 
metropolitan 


Age group First Second* Thirdt Fourtht area§ 


Populations in indicated examination 








All ages a 9, 727 4, 213 1; 654 199, 170 
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*Does not include 110 women who had a second cytology examination but who had other than negative cytology 
on first examination. 

tDoes not include 31 women who had other than negative cytology on second examination. 

tDoes not include 8 women who had other than negative cytology on third examination. 

§includes only women 15 years of age and over. From Bulletin P—C 65, 1950 United States Census of Population, 
Bureau of the Census, U.S. Dept. of Commerce. 


RESULTS OF INITIAL CYTOLOGIC EXAMINATION 


Four women were known to have had cervical cancer at the time of 
initial cytologic examination and were eliminated. The results from the 
initial cytologic examination of the remaining 33,746 women in the study 
are given in table 2 together with the results of tissue examination when 
this was indicated. For the total group of women, 774 had cytologic 
findings suggestive of malignancy, or a rate of 22.9 per 1,000 women 
examined (table 2, col.3). The prevalence rates for such positive cytologic 
findings (lower half of table 2, col. 3) appear to reach a high point in the 
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30 to 39-year-age group, and then continue at this or a slightly lower 
level until the age of 60 years when the rate increases again. Looking at 
the various cytologic classes (cols. 4-7), it is evident that they differ 
somewhat in their distribution over the age groups. Cytology class 39 
(the minimal changes suggestive of malignancy) is generally the most 
frequent positive cytology class in the various age groups, with class 5 
(the most positive cytology class) next. The age-specific prevalence 
rates of these extremes of the cytology classes also show more definite. 
though irregular, increase over the span of years shown than intermediate 
class 3b and possibly class 4do. All show some evidence of a depression 
of the age-specific prevalence rates somewhere in the age range of 40 to 
60 years. This is reflected in a sharp decrease in the prevalence rates 
for carcinoma in situ appearing in the 40 to 49-year-age group. 

Cytologic findings classed as 1 or 2 have no changes suggestive of ma- 
lignancy and tissue examination would not be recommended. Findings 
assigned to class 3a are only minimally suggestive of malignancy and the 
recommendation is for repeat cytology within 3 to 6 months in some cases 
and tissue study in others. Cytologic classifications 3b, 4, and 5 all carry 
a recommendation for tissue study. 

Columns 9, 10, and 11 of table 2 show the results of tissue examination 
in terms of the carcinomas in situ and invasive cervical and fundal cancers 
found. Among these cases were 18 carcinomas in situ and 1 invasive cer- 
vical cancer in which tissue confirmation of the initial positive cytology 
came after 1 or more repeated cytologic examinations; an average of 10 
months after initial examination. In addition there were 9 cases sepa- 
rately designated as probably representing those missed by initial cytology 
or by tissue study (see footnote table 2). These cases are included in rate 
computation. All tissue findings are the interpretations of local patholo- 
gists to whom biopsies were referred. In controversial cases, sections 
were sent to such well-known authorities as Dr. Arthur Hertig, Dr. Emil 
Novak (now deceased), and Dr. James Reagan, for consultation. 

The prevalence rates in the lower half of the table suggest that the 
prevalence of carcinoma in situ increases with age to reach a maximum in 
the 30 to 39-year-age group. It then declines, possibly to continue at a 
fairly level rate with increasing age. The prevalence rate for invasive 
cervical cancer rises consistently up to the age of 70 years and then be- 
comes uncertain because of small numbers. The cancers of the fundus 
are too few for stable age-specific rates. It is of interest, however, that 
12 of the 16 cases were contributed by 13 percent of the examined popula- 
tion that was 50 years of age and older. It is well known that the cytology 
method as routinely used is not as efficient for detecting fundal lesions as 
it is for lesions of the cervix. Also, cancer of the fundus of the uterus as 
a clinical disease appears at a somewhat older age than cervical cancer 
does. 

The cervical epithelial changes classified as dysplasia are enumerated 
in the upper half of table 2 and prevalence rates are shown in the lower half 
of the table. This lesion was found considerably less frequently than 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 





ie] 
Q 
oO 
Zz 
< 
Oo 
4 
< 
3) 
— 
> 
oa 
Q 
o 
ioe] 
° 
om 
o 
Z 
_ 
Z 
a 
a) 
[o-} 
o 
D 
o 
— 
te) 
° 
a 
io) 
= 
Pal 
0 





L 

oT 
tI 
02 


1g 


tI 


LL 
SP 
L 


T 
692 Tél 


1b3 
OsT 
TZ1 
LST 
z 

z 

€L9 


—_ g 
_ % 
— ag 
COT | ¥g 
619 % z 
GPE ‘OE ‘0g 1 

£2088 9FL‘8E —«-IBIOL, 





eyenb 
-opeul JO 
93403 JON 


(TI) 
A£30[03 49 
qvoday 


(01) 
snpunj 
jo 190U8D 


(6) (8) (2) (9) 
XIAJ00 Nps Ut eisvjds{q UusIueq 10 
jo 1g0uvd = BUIOUTOIvD OAI}RSON 
SAISVAUT 





ayenbepy 


(F) 


peysenbes 
ZO pourey jou Apnjs sequiny 
“qo [870], 





pepusutui09e1 Apnjs onssty, 


() (2) (1) 
peysenber woeUuI0m jo bie) Ut) 
~GIsse[o 


Onsst £30]0449 





UOI}VUIUIBXS 4SI OY} JO I[NSeI B Sv SSUIPUY 9IFZOTO}AD JO SassvlD SNOLIVA JOJ PO}YVOIPUL USYM UOTYVUIIYUOD ONsst} JO S}[NseY—'¢E ATav], 


VOL. 28, NO. 8, SEPTEMBER 1959 





512 DUNN, SLATE, MERRITT, AND MARTIN 


carcinoma in situ and invasive cervical cancer and is concentrated largely 
in the 20 to 49-year-age group. Like carcinoma in situ, dysplasia is at 
maximum prevalence in the 30 to 39-year-age group. The prevalence 
rates for this lesion, however, might be higher if all women with class 2 
and class 3a cytologic findings were studied histologically. 

Table 3 gives the results of tissue examination for the various cytologic 
classifications. As stated previously, tissue examination is not indicated 
when cytologic interpretation is class 1 or 2. In 4 instances among the 
32,972 women with class 1 or 2 cytologic findings, biopsy or curettage was 
done, presumably on the basis of clinical findings or symptoms. As a 
result, 1 cancer of the fundus was diagnosed. 

The recommendation for cytologic examinations that result in class 3a 
designation is either for repeat cytology in a few months or for tissue 
study. From table 3 it can be determined that tissue study was recom- 
mended in 60 percent of such cases. For cytologic findings classified as 
3b, 4, or 5, tissue study was not always completed for various reasons— 
inadequate biopsy, failure of the patient to return, cauterization, ete— 
even though recommended. Often when some time elapsed before the 
patient returned for futher study, cytologic examination was repeated 
at the time of or prior to biopsy. Frequently the repeat cytology was 
negative, suggesting that the original lesion may have been destroyed 
by cauterization or other treatment. The diligence of follow-up has 
no doubt increased over the time covered in this study as physicians 
have become impressed with the significance of cytologic findings. It is 
also possible that the results of further diagnostic study of some patients 
were not made known to the Gynob Cytology Laboratory in spite of its 
request for such follow-up information. With these reservations, then, 
tissue study was incomplete for 41 of the 157 patients with cytology 
class 3a, when this was recommended, or 26 percent; for 25, or 21 percent 
of class 3b; 16, or 11 percent of class 4; and 13, or 5 percent of class 5. 

The results, when satisfactory tissue study was completed for the 
various cytology classifications in terms of the significant lesions found, 
are given in table 4. In the experience of the cytologists responsible for 
the cytologic interpretations (J. M. and T.S.), cervical cancers associated 
with 3a and 3b classifications are usually carcinomas in situ. This has 
been true, for the most part, particularly for the 3b classification. Fundal 
cancers, on the other hand, are associated with these classes as frequently 
as with classes 4 and 5. 

It is of some interest to look at the probabilities as to tissue findings 
associated with various cytologic classifications in this initial examination 
of women. About 1 of 5 or 6 women with class 3a or 3b cytologic results 
was found to have dysplasia. Twelve percent of the women with class 3a 
smears considered serious enough to recommend tissue study had some 
form of carcinoma, with over half of these carcinomas in situ. Of the 
women with class 3b smears, 60 percent had carcinomas, most of which 
were carcinomas in situ. For women with class 4 and 5 smears, the pro- 
portion with carcinoma in situ is about the same as for those with class 3b 
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smears, the main difference being the increasing proportion with invasive 
cancer (9 and 28%, respectively). Class 4 smears proved to be associated 
with some form of carcinoma in 73 percent of cases, class 5 smears in 90) 
percent. 

The 259 patients who had carcinomas in situ had class 3a and 3b cyto- 
logic findings in 20 percent of examinations and class 4 or 5 in 80 percent, 
The 77 patients with invasive cervical cancer had class 4 or 5 cytology in 
96 percent of cases and class 3a or 3b in the remaining 4 percent. Carci- 
noma of the fundus of the uterus shows no marked cytology class. The 
relationship of the 3b classification, as used here, to carcinoma in situ can 
be stated as follows: a malignancy associated with a class 3b smear js 
very apt to be a carcinoma in situ; however, less than a fifth of carcinomas 
in situ will provide smears that will be so classed—most falling into class 
4or5. A dysplasia of the cervical epithelium is most apt to result in a 3a 
or 3b cytologic classification—73 percent falling into these classes. 


RESULTS OF SECOND CYTOLOGIC EXAMINATION 


The mass of women from whom cytology specimens were submitted for 
the first time has increased markedly over the 6 years covered in this 
report—from 1,083 in 1950 to 9,240 in 1955. The latter group had not 
had an opportunity to reappear for an annual rescreening, which is 
recommended for those women with negative cytology, in the data 
reported here. The 9,725 women who were found to have negative 
cytology on first examination (class 1 and 2) and returned for a second 
periodic examination represent approximately 40 percent of those eligible 
for such re-examination. 

The women returning for a second periodic examination, when the first 
examination was negative, are tabulated in table 5, separately, depending 
on whether first examination was class 1 or class 2 cytology. It is imme- 
diately apparent that these two groups have quite different potentialities 
for developing both positive cytology and carcinoma in situ in the interval 
since first examination. The interval between examinations varied con- 
siderably with individual women, but averaged 16.93 months for women 
who had been originally class 1, and 12.76 months for women who had 
been class 2. 

As will be detailed later, 5 cases of carcinoma in situ—3 from the class | 
group and 2 from the class 2—very likely represent cases missed at first 
examination. The age-group location of these cases is indicated in table 5 
and rates were computed with these cases deleted. Excluding these cases, 
the class 1 group represents a total of 12,839 person-years and the class 2 
group 651 person-years of experience for the incidence of new cases of 
positive cytology and new malignancies developing since the previous 
negative cytologic examination. 

As would be expected, the distribution of positive cytology by class is 
quite different from that of the initial examination (table 2, cols. 4-7) 
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in that the bulk of the positive cytology now falls in the 3a and 3b claggj- 
fications (table 5, cols. 5-8). The groups that were class 1 initially show 
a marked reduction in the incidence of positive cytology (5.1 per 1,000- 
table 5, col. 4) compared to the prevalence at initial examination (22.9 per 
1,000-table 2, col. 3), and the reduction is perhaps a little greater for the 
older than for the younger age groups that can be compared. The group 
that was class 2 at initial examination, however, shows a higher incidence 
of positive cytology, although differently distributed by class, than the 
initial prevalence at first examination. The age-specific incidence rates 
of positive cytology for the class 2 group (table 5, lower half, col. 4) are 
from relatively small numbers but are in the range of 6 to 9 times higher 
than those of class 1 for comparable age groups. Unlike the age-specific 
prevalence rates for positive cytology which hit a peak in the 30 to 39- 
year-age group (table 2), the incidence rates for the class 1 and 2 re- 
examined groups are high in the 20 to 29-year-age group, and possibly 
lowest in the 30 to 39-year-age group. , 
Comparing class 1 and class 2 groups of table 5, it appears that a large 
proportion of the class 1 group is concentrated at younger ages. At the 
time of initial examination the group found to have class 1 cytology also 
was somewhat younger than those found to have class2. At that time 64 
percent of the former and 55 percent of the latter were under 40 years of 
age. The corresponding percentages for table 5 are 71 and 60 percent. 
There was therefore a tendency in both groups for younger women to be 
more faithful in returning for re-examination than older women were. 
Of those initially class 1 and class 2 who were eligible to return for annual 
rescreening (first seen before 1955) the proportion returning was nearly 
the same (40.7% of the class 1 group and 38.1% of the class 2 group). 
On the average, women who had class 2 cytology, initially, returned for 
re-examination a little sooner than the wcmen who were class 1 initially 
(16.9 vs. 12.8 months). Also, as will be pointed out later, there was some 
difference in the average interval between examinations for the carcinomas 
diagnosed at second examination in the class 1 and class 2 groups. There 
is, then, some evidence of bias that may be related to the motivation of 
women in returning for re-examination and that may be operating differ- 
ently depending on whether initial examination was class 1 or class 2. 
One would suspect that some of these women, on the basis of clinical or 
symptomatic grounds, were urged more firmly to return for a periodic 
check than those who were clinically negative as well as cytologically 
negative. Such individuals would be expected to be more frequent in 
the class 2 than in the class 1 group. 

The comments regarding positive cytology incidence in a comparison of 
the class 1 and 2 groups of table 5, and the comparison of both with posi- 
tive cytology prevalence of initial examination in table 2, apply as well to 
the carcinomas in situ diagnosed. The class 1 group has an incidence rate 
of carcinomas in situ about one fifth of initial prevalence (1.6 vs. 7.8). 
A remarkable finding, however, is that the incidence rate of carcinoma i” 
situ for the re-examined class 2 group is over 1% times the initial prevalence 
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rate (13.8 vs. 7.8). The age-specific incidence rates for carcinoma in situ 
are based on relatively small numbers (table 5, col. 10), but unlike the 
age-specific prevalence rates for carcinoma in situ, which were highest in 
the 30 to 39-year-age group (table 2), the incidence rates of table 5 
appear to be depressed for this age group. 

The 2 cases of invasive cervical cancer (table 5) occurred in women who 
had been class 1 cytologically on first examination. The interval before 
the second examination, when class 5 cytology and a tissue diagnosis of 
invasive cervical cancer was made, was 32 months in the one case; and, in 
the other case, cytology was class 3a on second examination after an 
interval of 10 months from first examination. Final tissue confirmation 
was not obtained in this case until 22 months later when cytology was 
class 5 and early invasive cancer found. The interval, then, from negative 
cytology to tissue diagnosis of an early invasive cancer, was 32 months for 
this patient also. 

It is of some interest to evaluate the efficiency of the cytologic method. 
In table 2, nine cases are indicated (in parentheses) as possibly missed at 
first examination. Six of these were failures of cytology and 3 were pos- 
sibly the result of unrepresentative tissue. The total percentages of 
known missed cases resulting from both errors of cytology and biopsy 
(in situ 6/265, or 2.3%; cervical invasive 1/78, or 1.3%; fundal 2/16, or 
12.5 %) are undoubtedly minimal estimates, since the status of those not 
returning for re-examination is unknown. However, something is known 
of the 9,725 women who did return for periodic re-examination. A popu- 
lation of women of this number, distributed by age as they are when the 
class 1 and 2 groups of table 5 are combined, would have had 82 carcinomas 
in situ and 20 invasive cervical cancers at initial examination if the age- 
specific prevalence rates (table 2, lower half, cols. 9-10) are applied. At 
re-examination this group of women was found to have 5 carcinomas in 
situ, which appear to have been missed in first examination, all having 
been read cytologically negative initially. Cytology, then, is estimated 
to have missed 6.0 percent of the possible carcinomas in situ (5/82) to be 
found initially in such a group of women. On review, all but one of the 
first examination slides from these patients were considered to be missed 
positives. The remaining one was still considered negative on review, but 
re-examination of the patient, when positive cytology was found and a 
tissue diagnosis was made, occurred only 2 months after first examination. 
The sixth carcinoma in situ that may have been missed (see footnote, table 2) 
was read as class 3a cytology initially and repeat cytology recommended. 
Cytologic re-examinations became more positive, and tissue diagnosis 
was finally made 21 months after initial examination. As far as is known, 
only 1 invasive cervical cancer was missed cytologically (discussed with 
fourth examination results), but none through first and second examina- 
tions. The cancer of the fundus shown in table 5 was cytologically nega- 
tive on first examination, but cytologically positive and tissue positive a 
month later. One other cancer of the fundus (see footnote, table 2) was 
missed in initial tissue examination but confirmed 16 months later. 
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All the initial slides of the remaining patients who had carcinomas at 
second examination were reviewed without finding any missed positive 
slides. The interval between examinations for those patients with carci- 
nomas in situ was 6 months or more with an average of 17.50 months for 
those in the class 1 group and 11.12 months for those in the class 2 group. 
It will be noted that these average intervals are a little longer and a little 
shorter, respectively, than the intervals for the respective total groups. 

There are no other false negative cytologic errors known to have occurred 
in the population examined initially, or in that portion reappearing for 
second examination. (There is one possible exception to be commented 
on under third examination results.) The tissue status of those cytologi- 
cally negative in both examinations and not seen again is unknown, but 
any uterine malignancies that may have been missed in the 2 cytologic 
screenings have not been brought to attention. 

It may be of some interest to know what shifting occurs in the cyto- 
logically negative group in the course of time. The following shows this 
for those examined a second time as related to initial examination: 





Initial 
exami- 
nation Second examination 





Number Class 1 Class 2 Positive classes 
of 





women Number Percent Number Percent Number Percent 





Class 1 9, 109 8, 624 94.7 417 4.6 68 0.7 
Class 2 616 503 81.6 89 14. 4 24 3.9 





As pointed out before, the class 2 group is much more productive of positive 
cytology. However, 82 percent of those cytologically class 2 initially 
have reverted to class 1 at the time of second examination; and between 4 
and 5 percent of those class 1 initially have progressed to class 2 by second 
examination. Of the total group that came out of the second examination 
as class 2 (5.2%), 82 percent, then, is contributed by those who were class 
1 initially. This will be of some interest in considering the results of third 
examination. 


RESULTS OF THIRD CYTOLOGIC EXAMINATION 


Of the women returning for a second examination and found still cyto- 
logically negative, 9,233 had this examination before 1955 and could have 
returned for a third annual examination. The 4,213 who did return 
represent 46 percent of that number. Table 6 presents the results of 
examining this group separately for those who were cytologically class 1 
and those who were class 2 on second examination. 
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TaBLE 6.—Number of women by age groups examined a third time when cytology 
findings were negative on second examination, with the positive 
cytology and malignancies found 
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*Rates computed the same as for table 5. Person-year factor here for those with class 1 cytology on second 
examination is 1.18; for those with class 2 cytology on second examination, 1.05. The total groups represent 4,714 
and 229 person-years, respectively. There is some variation in average interval between examinations among 
age-specific groups, and this has been taken into account in computing age-specific rates. 


In the comparison of the groups returning for second examination that 
were originally class 1 and class 2 cytologically, it was pointed out that 
there were some inconsistencies between them that might indicate bias 
operating differently on the two groups in motivating their return for re- 
examination. These were: earlier return, on the average, for patients 
that had been class 2 initially; a shorter interval between examinations 
for the carcinomas found in this group; and possibly a smaller proportion 
of the class 2 group returning for second examination. Such evidence 
of bias seems to have largely disappeared by the third examination. 
The proportion cytologically class 2 after second examination was 5.2 
percent, and this is exactly the proportion among those returning for 
third examination. The average interval between examinations was 
more nearly the same for the two groups (see footnote, table 6). The 
malignancies found are too few, now, to compare. 

Again the class 2 group appears to have been considerably more pro- 
ductive of positive cytology and carcinomas of the cervix in the interval 
since second examination than the class 1 group, and the incidence rates 
are again quite comparable to the prevalence rates of the initial examina- 
tion (table 2). Most of the rates are extremely tenuous because of small 
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numbers but the findings here are generally consistent with those pointed 
out in connection with the second examination. The incidence rates jp 
table 6 are somewhat less than those of table 5 as one would expect in 
their being once removed from the initially examined population and from 
the examination errors and selective factors that should be maximal jp 
the first re-examination results. 

A review of the slides of all previous examinations for the 6 women 
found with carcinoma in situ resulted in all being again called negative 
except one. This 34-year-old woman had a class 1 slide on second 
examination that was read class 3a on review. Her third examination 
8 months later was class 5 and tissue examination showed carcinoma 
in situ. This may have been present at the time of second examination. 
If so, the percentage missed by cytology at second examination should be 
increased to 7.3 percent. Also the carcinoma in situ age-specific 
incidence rate for the 30 to 39-year-age group of class 1 would be 2.0 
instead of 1.2. The depression of the rate for this age group would still 
be found for the class 1 and 2 groups combined. 

All 6 patients with carcinoma in situ on third examination were class | 
on first examination. On second examination 2 were class 2, and 3 were 
class 1 (the fourth being reread class 3a). Two of the 6 cases, then, are 
known to have progressed through a class 2 cytologic finding before 
coming to positive cytology and tissue diagnosis. Five percent of the 
women (class 2 on second examination) contributed one third of the cases 
on third examination. As a point of interest, it is estimated that over 
200 women appearing for third examination were cytologically class 2 on 
first examination, but class 1 on second examination, and that a small 
number were class 2 in both examinations. None of the cases were 
contributed by these women. Those progressing from class 1 to class 
2 in successive screenings may be the group with the high potential for 
positive cytology and carcinoma in situ. 

The proportion of women with class 2 cytology after third examination 
is a little less than after second examination (4.1% vs. 5.2). Again 
a large proportion (86%) that had been class 2 after second examination 
reverted to class 1 on third examination, replaced by those progressing 
from class 1 to class 2 between second and third examinations. The 
proportion of class 1 from second examination progressing to class 2 at 
third examination was 3.8 percent compared to 4.6 percent between 
first and second examinations. 


SUBSEQUENT PERIODIC EXAMINATIONS 


In the data presented here there were 1,654 women who had always 
been cytologically negative, and appeared for a fourth examination. 
These women represented 69 percent of those who had had a third ex- 
amination prior to 1955 and could have returned for an annual screening. 
Only 68 of these women had been class 2 on third examination, although 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 





CYTOLOGIC SCREENING FOR CERVICAL CANCER 521 


they represent the same percentage here (4.1%) as class 2 after third 
examination. This small number would not be expected to produce 
much in the way of positive findings. Only one woman had such a 
result (a class 3a cytologic finding which was found at autopsy to be 
the result of a dysplasia). 

Of the 1,586 women examined a fourth time who had been class 1 cyto- 
logically on third examination, 8 were found to have positive cytology. 
Of these, 6 were class 3a and none of these resulted in a tissue diagnosis 
of malignancy. The seventh patient had class 3b cytology with a cancer 
of the fundus. The eighth patient had class 5 cytology and was found to 
have an early invasive cancer of the cervix. Both cancer patients had been 
given class 1 interpretations on all previous examinations. However, re- 
view of the third examination slide of the patient with invasive cervical 
cancer indicated this should have been called 3a. The fourth examination 
tissue diagnosis was made 15 months later. This may have been a case 
that was missed cytologically on third examination. Counted from the 
last definitely negative cytology, this patient had early invasive cancer 
when diagnosed at an interval of 25 months. 

As stated in the beginning, 450 women who had never had positive cytol- 
ogy returned for a fifth periodic screening, 135 of them for a sixth, and 
a few for a greater number. Obviously many of them returned more fre- 
quently than annually for periodic screening, some every 6 months. 
Together they perhaps represent over 600 person-years of experience with 
one instance of positive cytology (class 3a), the outcome of which extends 
beyond the period covered by these data. 

When the additional data that have accumulated in the last 3 years are 
collected and analyzed, it is expected that the successively screened popu- 
lations will be augmented to the point where more meaningful results can 
be presented. 


COMPARISON WITH THE FINDINGS OF OTHER CYTOLOGI- 
CALLY SCREENED POPULATIONS 


Unfortunately, few reports of the results of the cytologic examination 
of alarge number of women indicate the age composition, let alone the dis- 
tribution of other pertinent variables, of the population contributing the 
findings. The reported results of 3 other studies on age-specific prevalence 
rates of carcinoma in situ and invasive cancer of the cervix, found in 
white women at initial examination, are given in table 7. Two of these 
were offered as general population screening programs (Memphis and 
Floyd County), one (Charlotte) was a service provided to physicians of a 
community for routine screening of their office patients, and that reported 
here (San Diego) is largely from routine use in the practices of gyne- 
cologists. 

It is immediately apparent that there are differences in the magnitude 
of the rates from the various studies. The comparable age-specific rates 


VOL. 23, NO. 8, SEPTEMBER 1959 





Z 
_ 
& 
fe 
- 
a 
=) 
a 
< 
E 
[oe] 
(on) 
& 
= 
Z 
& 
“ 
= 
mn 
re 
4 
Pp 
a 


° *(peyoodsnsun pus suojdurds ou) (9) » UUIN[OO ‘Z 91qQB} UIOY Sole yt 
*2148} OUIUS ,,‘POTIYUOOUN,, PUB ,,.PATIIYUOD,, Po}BVUS|Sep esoy} JO MMs oIB SosoyjUIEd UT SyVY *(7) Z 91’ UT ,,PEMIYUOD ,, PoyeUsisep S781 4SIT.T} 
*(g) [ om3y uy.p9330/d sjujod woy poyeunxoiddy, 





G‘L —OL 
(L°8)z of ‘¢ —09 
(0 °9)0'€ : f —os 
(F'L)¢ '¢ : 9 —0F 
(¢ 4)8 Z : ‘II —0g 
00 90° ; ‘ 7 (F ZZ T ‘L —0z 





(OT) (6) (2) (9) (¢) (¥) (2) (1) 


(9) stydwoyy = E stydwoyy Ayunog *9}}0]I8YQ OF8aIq uvg (g¢) stIydwoyy (7) ($) #9190184 «9=OFTIQD u¥g Ss dno o3y 
UI JOOUBO [BOTA pAoLy {Aqunoy pAoL,q 

-190 SAISBAUT 

soyei soUEp 
-l0ul [enuuy 





I9DUVO [VOTAIOD VAISVAU! :S9}VI GOUITVAIIG NPS UL BUIOUINIVS :S94VI DOUITVABIG 





sessouuay, ‘stydwoyy ul ‘190U¥d [BOTAION BAISBAUI JUOPIAS A[[BOTUTTD JO oOUEpPIOUT oy} pus 
‘saIpNys INOJ Ul PoUTULIOJOP SB UUIOA 9}IYM OOO'T Jod Jo9Uvd [VOTAIID DAISBAUI PUB NZS U2 BUIOUIOIVO IOJ Saye dOUGTBVADId OyIOeds-e8y—') AIAV], 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 





CYTOLOGIC SCREENING FOR CERVICAL CANCER §23 


for Memphis and Floyd County are generally lowest, and San Diego and 
Charlotte highest. This might be expected from knowing the sources of 
the base populations of the various studies. One could speculate at 
length as to other variables that undoubtedly contribute to these differ- 
ences such as the kind of cytologic specimen used (Memphis is vaginal 
pool exclusively, the others are directly from the visualized cervix, or 
the cervix and vaginal pool); variations in pathologic interpretation of 
borderline lesions; uniformity and adequacy of both cytologic and tissue 
specimens; completeness of follow-up of all cytologically suspicious cases, 
etc. However, regardless of this, the pattern of the age-specific rates 
within each study justifies certain generalizations. The carcinoma in 
situ prevalence rates for 3 of the studies reach a high point in the 30 to 
39-year-age group, the other a decade later. Following this, the preva- 
lence rate decreases (somewhere in the 40-59-year interval) and generally 
increases again somewhere in the older ages. On the other hand, the 
age-specific prevalence rates for invasive cervical cancer (table 7, cols. 
6-9) in each study increase quite consistently with age as do the age- 
specific incidence rates of the symptomatic clinical disease (table 7, col. 
10) shown for comparison. 

The prevalence of a disease, or a definable stage of a disease, in a popula- 
tion is a static pool that remains relatively unchanged in the course of 
time for diseases with some constancy, because new disease fed into the 
pool and terminating disease removed from the pool are in balance. The 
size of the pool is determined by how long, on the average, individual 
cases remain in it from entrance to exit. To use the size of the pool to 
determine the average duration of a nonlethal intermediate stage of a 
disease requires correcting the distortion produced by general mortality, 
which has been proposed (7, 6). The average duration thus determined 
is standardized for a population containing equal numbers in each age 
group, and comparisons of this determination for different populations 
would be valid. 

If we scan age-specific prevalence rates from younger to older women, 
we can gain an impression of the interplay between inflow and outflow in 
the prevalence pool during the life history of the disease and of the popula- 
tion. It appears fairly certain that the prevalence of carcinoma in situ 
builds up rapidly in women in their twenties and thirties. This means 
that new disease is entering the pool more rapidly than it is leaving. It 
does not necessarily mean that the incidence rate at which new disease 
is entering the pool is high in these years since this is dependent on the 
rate at which cases are leaving as early invasive disease or by regression. 
For example, an incidence rate of 1.0 per 1,000 women for each year 
in the 20 to 39-year-age period, if no cases were removed during this 
time, would result in a prevalence rate of 5.5 per 1,000 women for the 
20 to 29-year-age period and 15.5 per 1,000 women for the 30 to 39-year- 
age period. After the initial build up of the carcinoma in situ 
prevalence pool, it appears to decrease somewhere in the 40 to 59-year- 
age period (possibly related to menopause?) and to rise again to continue 
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at a more or less constant level. During this time inflow and outflow are 
nearly the same, with the outflow apparently dominating for a period at 
the time of the decrease in the age-specific prevalence rates. 

It is not intended here to belabor the interpretation that might be 
made of the age-specific rate curves that these data suggest, but if car- 
cinoma in situ is the precursor of invasive cervical cancer, it can be pre- 
dicted that this disease has a somewhat longer duration, on the average, 
when it arises in younger women than in older women. Other hypoth- 
eses—such as spontaneous regression as the outcome for some—would 
be too involved to consider in detail here. A decrease in the size of the 
carcinoma in situ prevalence pool, which occurs in the middle years, could 
be one evidence of this if the increased outflow were in excess of what the 
incidence of early invasive cervical cancer at these ages would appear 
to be. For example, in the San Diego data which provide the most 
extreme example, a reduction in the age-specific prevalence rates of car- 
cinoma in situ from 11.5 to 6.1 in a 10-year span (30-39 to 40-49-year-age 
groups) would be accomplished by an average net excess of outgoing over 
incoming disease (incidence rate of early invasive cervical cancer minus 
the incidence rate of carcinoma in situ at each year of age over the 10 
uss" = 0.54) From the 
incidence rates for clinically evident cervical cancer as determined for 
white women in Memphis, since such data are not available for San 
Diego (table 7, col. 10), it is evident that this is about the average annual 
incidence rate for the symptomatic invasive disease for the age groups 
between 30 to 49 years (0.3 and 0.8 per thousand). This would be the 
rate of outflow from the prevalence pool of the asymptomatic invasive 
disease (table 7, col. 6) over this age range, and it will be remembered 
that this is the rate of outflow from the carcinoma in situ prevalence pool. 
The inflow of beginning invasive disease would be something greater than 
this since the size of the prevalence pool increases from age groups 30- 
39 to 40-49 years (2.1 to 3.3 per thousand). The remaining question 
is what is the incidence rate of carcinoma in situ during this age period. 
It would need to be quite low (something less than 0.5 per thousand) to 
avoid the conclusion that some carcinomas in situ spontaneously regress, 
since the increment that can be accommodated as invasive disease (over 
and above the 0.5 per thousand entering the invasive prevalence pool 
from carcinoma in situ and leaving as symptomatic invasive disease) in 


each of the 10 years, 30-39 to 40-49, is small (Genres 


10 
1,000 women). 

With any of the other sets of data, a similar line of reasoning would 
not raise the question of spontaneous regression to the same degree, since 
the dip in age-specific prevalence rates for carcinoma in situ involves 
smaller rates and is maximal a decade later when inflow and outflow of 
the prevalence pool of the invasive disease is great enough to accommodate 
an incidence rate of carcinoma in situ of the order of 1 per 1,000 women. 


years) of 0.5 to 0.6 per thousand women ( 


= 0.1 per 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 





CYTOLOGIC SCREENING FOR CERVICAL CANCER 525 


Again resolution of the question must await more accurate age-specific 
incidence rates over the age range in question for carcinoma in situ than 
are now available. When such data are available, the question of spon- 
taneous regression of carcinoma in situ can be considered from other 
aspects as well. 

The regularity of the increase in size of the prevalence pool of early 
invasive cervical cancer in successively older-age groups of women is what 
one would expect if the incidence of microscopic invasive cancer and the 
incidence of clinically evident invasive disease were both increasing with 
age, and if equivalent incidence rates for these 2 stages of disease were 
separated by some fairly constant span of years in the ages of women. 


DISCUSSION 


It is unfortunate that the cytologic method, as applied to the study of 
changes in the epithelium of the uterine cervix, is so generally pitted 
against the histologic findings of conventional tissue study in an attempt 
to assay its clinical usefulness. All sorts of formulas have been elabo- 
rated in an attempt to express false-negative and false-positive cytology 
results in relationship to those with disease, as conventionally defined, 
to those without disease, and, abandoning all logic, sometimes in rela- 
tionship to those with and without disease, combined. 

A false-positive result is one in which an individual is labeled as having a 
disease when in fact he does not. In dealing with general populations of 
women this will never be a very impressive percentage since the great 
mass of such women do not have cervical cancer and also turn out not to 
have cytologic changes judged to be suspicious of malignancy. For 
example, of the 33,746 women here examined (biased for disease to the 
extent that they appeared in a physician’s office), 365 were histologically 
found to have some form of uterine malignancy (about 1%) and about 
twice as many (774) were judged to have some degree of cytologic sus- 
picion of malignancy. The false-positive cytology result, then, was in the 
order of 1 percent (774—365/33,746—365) if we neglect the not incon- 
siderable number of women with positive cytology who were not pursued 
through an adequate tissue study. However, cytologic interpretation, 
when using graded classes (here designated 3a-5), is in effect assigning 
probability estimates to what the histologic findings will prove to be, 
varying from low probability to high probability for malignancy over the 
3a to 5 range of classes as used here. If the cytologist became overly 
concerned with false-positive results, he could reduce this to the order of 
0.1 percent by limiting himself to calling only class 5 as suspected of 
malignancy. This would, of course, be at the expense of his false-negative 
results, and of the 45 percent of women who had malignancies associated 
with some other class of suspicious cytology. 

A false-negative result is one in which an individual is labeled as not 
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having a disease when in fact he does. This is the error of major impor- 
tance and has already been discussed adequately elsewhere. 

The point we would like to make here is that no useful purpose js 
served by overemphasizing cytology and histology as competitive methods 
in assaying the clinical status of a cervix, particularly when histology has 
the edge, since it provides the final decision of whether disease is present 
or not. Rather the procedures are complementary, with cytology pro- 
viding a simple method that can be widely and repeatedly used as a guide 
for the intelligent and efficient use of the biopsy. 

Cervical cancer is a dynamic process that somehow progresses from the 
normal epithelium with which most women are born to the frankly inya- 
sive disease of later life, which occurs in some women and which, when it 
reaches this stage, everyone will agree is cancer. The gradual morpho- 
logic changes that must be traversed in bridging these extremes of epithe- 
lial state have certainly been viewed histologically in all their steps, and 
at certain points diagnostic labels have been attached on the basis of 
defined criteria. As yet only the changes near the end of the process can 
be recognized and labeled as cancer. Since cervical cancer is a dynamic 
process, compartmentalizing into static morphologic pictures with 
diagnostic labels has an artificiality that should not be forgotten. What 
a lesion is or is not today is saying nothing about what it may be tomorrow. 

Cytology is ideally suited for the study of the dynamics of the epithelial 
changes in the cervix that lead to cancer. Its potentialities for this 
should not be stifled by discounting all its accomplishments except those 
that can be related to the time-honored and universally accepted diagnosis 
of the disease. Cancer diagnosis is exclusively a histologic diagnosis, and 
any other diagnostic method has to be a probability estimate of what 
that diagnosis will prove to be. In the presentation of the data in table 
4, an attempt was made to show what these probability estimates are 
for the various classes of cytology, in terms of kinds of uterine malignancy 
found histologically. It is certainly no surprise to anyone that the 
probability is greater for class 5 than for class 3a cytology. It may be 
something of a surprise, however, that the nonmalignant cytology classes 
(class 1 and 2) also provide some predictive probability estimates of con- 
siderable interest. For purposes of illustration, combining the data of 
table 5 (without the missed cases) and table 6 would provide predictive 
probabilities that women with no abnormal cellular changes (class 1) will 
produce carcinomas in situ at the rate of 1.4 per 1,000 women in the next 
year. Those with class 2 cytology will produce carcinomas in situ at 
the rate of 12.5 per 1,000 women during the next year. It is somewhat 
astonishing to realize that this is a more productive group to follow than 
the productivity of the original group when carcinomas in situ were found 
at the rate of 7.8 per 1,000 women examined (table 2). Further than 
this the class 2 cytology group is not static but has something on the order 
of an 80 percent annual turnover out of and back to class 1. Unfor- 
tunately, the present data do not provide information on the biologic or 
therapeutic events that may be associated with this turnover. 
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Although a group of women with class 2 cytology has a much greater 
potentiality for carcinoma in situ within the next year than a class 1 
group does, in terms of absolute numbers more of the cases of carcinoma 
in situ from a cytologically negative population come directly from class 1 
than through an intermediate class 2 (24 vs. 11 cases, respectively, in table 
5 and 6 combined). ‘This is because the class 2 group constitutes only 
about 5 percent of the cytologically negative population. The 3 cases 
that were early invasive cervical cancers when first diagnosed also did 
not pass through a class 2 cytology, although the interval was long from 
the last definitely class 1 cytology (25 months in 1 case and 32 months 
in the other 2). It would be interesting to know what cytologic, histologic, 
biologic, and personal characteristics may be associated with the 2 groups 
of cases—those that come directly from class 1 cytology and those that 
come through a class 2 step. 

Little has been said about the benign tissue findings discovered in 
biopsies of cervices having positive cytology except to show the distribu- 
tion of dysplasia, in table 2, at first examination. The age distribution 
of this lesion would be compatible with its being a precursor of carcinoma 
in situ, and the magnitude of the prevalence rates suggests it would 
have a fairly short duration. This latter may be illusory, however, since 
only those cases come to light that are associated with positive cytology. 
It would be interesting to know from tissue study how frequently dysplasia 
is associated with class 2 cytology and class 3a where repeat cytology 
rather than biopsy is recommended. The potentialities of dysplasia once 


found can hardly be evaluated since the lesion has been partially or 
totally destroyed by the act of biopsy and possibly cauterization. 
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Effect on Mice of Oral Painting of Cigarette- 
Smoke Condensate ' 


JOSEPH A. DIPAOLO and GEORGE E. MOORE,? 
Roswell Park Memorial Institute, Buffalo, New York 


SUMMARY 


The oral area of mice of both sexes was veloped in Swiss ICR/Ha strain mice in 
painted with tobacco tar for 13 months. the experimental conditions of this ex- 
“Tar’’-painted animals had more lung _ periment.—J. Nat. Cancer Inst. 23: 529- 
adenomas than animals in the acetone 534, 1959. 

control groups. No bladder tumors de- 


EVIDENCE FOR a relationship between cigarette smoking and develop- 
ment of lung cancer in humans depends upon statistical data, clinical 
observations, and pathologic evidence (1). In addition, a study of 
clinical records suggests a relationship between cigarette smoking and 
urinary-bladder carcinoma in men (2). 

Successful production of papillomatosis and malignant skin tumors in 
mice has been reported by Wynder, Graham, and Croninger (3), Bock 
and Moore (4), Engelbreth-Holm and Ahlmann (4), and others. Gellhorn 
(6) found that “tar” from cigarette combustion had very little tumorigenic 
activity when applied to mice, but believed it was a promoting factor for 
skin carcinogenesis by benzopyrene. 

Holsti and Ermala (7) reported papillary carcinomas of the urinary 
bladder and a preponderance of benign bladder tumors in mice that had 
had their oral cavity and lips painted with tobacco tar. Since researchers 
who found tobacco tar to be carcinogenic in mice have considered it a 
weak carcinogen compared to polycyclic hydrocarbons such as 3-methyl- 
cholanthrene or benzo[a]pyrene, production of tumors after a short 
period of painting is of extreme interest. Consequently, this work was 
extended to determine whether or not oral application of tobacco tar 
over a longer period in the life of the animal would induce tumors in other 
organs as well as in the urinary bladder. 


' Received for publication February 11, 1959. 
? The authors are indebted to Dr. Fred G. Bock for supplying “tar A.” 





DIPAOLO AND MOORE 


MATERIALS AND METHODS 


A manifold-type smoking machine with a falling water column as the 
negative pressure source (4) was used to produce most of the “tar.” A 
35-cc., 2-second puff was taken once each minute until the butts were 
approximately 23 mm. long. Smoking characteristics of this machine 
differed significantly from those used by Wynder et al. (3) in frequency, 
volume, and characteristics of puff. Pressure versus time curve for the 
puff resembled a positively skewed curve instead of the plateau-type 
curve for machines used by Wynder et al. and by Orris et al. (8). 

From a variety of popular brands, cigarette smoke collected at low 
temperature (—20° C.) was washed from collection flasks weekly, with 
the smallest convenient volume of acetone. The acetone solution was 
condensed under reduced pressure. The condensed “tar” was redissolved 
in 15 ml. of acetone per original carton of cigarettes to give solution “A.” 
Since the recovery of ‘tar’ usually was about 4 gm. per carton, solution 
“A” was approximately 20 percent “tar.” Solution “B,’’ made from 
“tar A,” contained about 60 percent “‘tar.”” Fresh tobacco tar, when not 
in use, was refrigerated and replaced every 10 to 14 days. 

One-month-old Swiss mice of ICR/Ha strain were used. Three groups, 
each consisting of 25 males and 25 females, were painted 5 times weekly 
for 13 months, when painting was concluded because animals began to 
appear debilitated. All animals were weighed twice monthly for the first 
8 months of the experiment. During this period, no significant weight 
differences occurred between the groups. Lips and oral area were painted 
with a #4 camel’s-hair brush. Mice of group A were painted with solution 
“A,” approximately 20 percent “tar” by weight, and 80 percent acetone. 
The dose received by each animal was in the range of 0.02 to 0.03 gm. 
“tar.” This was determined by dipping brushes for application; the 
difference was found between weight of brushes before and after painting. 
Group B animals were painted with much more viscous material made by 
evaporating acetone from “tar A.’”’ Group C animals were controls 
painted with reagent-grade acetone. Autopsies were performed on ani- 
mals that survived 18 months from the beginning of the experiment. 
Before the bladder was removed from the mouse, it was ligated and in- 
jected with fixative. Lungs were removed from the body and thoroughly 
searched for gross evidence of neoplasm by holding the lung parenchyma 
between forceps underahand lens. Histologic sections of bladder, tongue, 
esophagus, stomach, intestine, colon, lung, liver, spleen, and kidney were 
examined; any other grossly abnormal tissue was also studied. 


RESULTS 


Results presented are those obtained from animals that lived beyond 15 
months and, for the most part, were killed at about 19 months of age. 
At this age animals had begun to appear moribund and it was considered 
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imperative to kill them to study fresh organs. Because of the high 
mortality of the group receiving acetone alone, mortality is assumed 
partially attributable to acetone. Table 1 shows the total number of 
surviving mice and types of tumors. 

In the group painted with “tar A,” the more fluid tar solution, 20 mice 
had 25 tumors, 7.e., more than all the tumors of the other 2 groups. 
Seventeen of 43 animals had lung tumors, which accounted for more than 
50 percent of the 25 tumors; 1 mouse had multiple lung adenomas, 1 an 
adenoma and a carcinoma, and 15 had single lung adenomas. Also there 
were 2 skin carcinomas and 1 skin papilloma. One of the skin carcinomas 
and the papilloma were in animals with lung adenomas. Remaining 
tumors consisted of a breast adenocarcinoma and 3 hepatomas. One 
bladder contained much keratin and many bladders showed slight hyper- 
plasia indicated by an increase in the number of epithelial layers. No 
animals painted with “tar A” or “B” solution had any neoplastic changes 
in the esophagus or stomach, though these regions must have been directly 
exposed to the tars. 

Other pertinent changes in the group were hyperkeratinization of the 
tongue of many animals, as well as degeneration, usually hyaline, re- 
sembling amyloid, of the liver and kidney. These degenerative changes, 
characteristic of aged mice of this species, seemed accelerated in ‘‘tar’’- 
painted animals, though this cannot be confirmed objectively. 

Of the group painted with “tar B,” 37 survived, 16 of which had 17 
tumors. Again, the most predominant tumors were lung adenomas, 
found in 10 mice. The remaining tumors consisted of 2 skin carcinomas, 
1 each of lymphosarcoma of the stomach, adenocarcinoma of the breast, 
hepatoma, fibroma of the uterus, and an anaplastic bladder sarcoma with 
spindle cells extending into the muscularis. Changes in bladder, tongue, 
and kidney resembled those found in “tar A” group. 

Histologic examination of 31 animals comprising the acetone solvent 
control group C revealed only 5 tumors in different animals: 2 lung ade- 
nomas, 2 adenocarcinomas of the uterus and colon, and 1 malignant 
tumor of the kidney. All urinary bladders appeared normal. Sections 
of the small intestine frequently had a large amount of amyloid material 
in the stroma of mucosa, and sections of the glandular stomach occa- 
sionally showed evidence of gastritis. 


DISCUSSION 


Investigators who have attempted to demonstrate interrelationship 
between cigarette smoking and development of cancer, for the most part, 
used “tar” produced from cigarette smoke. Such cigarette “tar’’ mate- 
rial has been reported as a weak carcinogen or a noncarcinogen. The 
“tar” produced in the present experiments must be considered carcino- 
genic on mouse skin on the basis of results obtained by Bock and Moore 
(4), as well as on the evidence we obtained incidental to painting the oral 
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area of mice. The experiment by Bock and Moore (4) was carried out 
concurrently with material identical to that used by us. They found 
that 27 percent of the animals developed skin tumors after repeated 
application of “tar” to the skin. In our experiments, production of skin 

papilloma and skin carcinomas following daily administration of “tar’’ 
- to the oral region of mice might be explained either by spreading of “tar” 
material by the animal’s tongue to its own body or to that of another 
animal with which it came in contact. 

At the termination of this experiment most animals were 19 months 
of age. The spontaneous incidence of various types of tumors in the 
ICR/Ha strain is not yet known. In group C, the solvent control group, 
fewest tumors were found. If one considers lung tumors (table 1), 2 were 
found in the acetone group, 10 (in 10 mice) in the “‘tar B” group, and 17 
(in 16 mice) in the “tar A” group. This indicates that incidence of 
lung tumors certainly was increased in groups treated with “tar.” Old 
Swiss mice are prone to develop lung adenomas spontaneously; however, 
the incidence of spontaneous lung tumors in strain ICR/Ha was rela- 
tively low in the control group. It is possible that “tar” increased the 
number of adenomas or accelerated development of adenomas normally 
found. On the other hand, it is quite possible that acetone, used alone, 
inhibited the development of lung adenomas; then the lung tumors in 
the tar group would be really spontaneous, rather than induced, tumors. 

Several investigators reported finding pulmonary tumors in mice painted 
with coal tar. Murphy and Sturm (9) found that in mice, on which 
painting of tar was rotated over different areas of skin to avoid skin 
cancers, 85 percent did develop multiple lung tumors. No tumor was 
reported in the control group. Although they mentioned the possibility 
that some tar or tar constitutent might have reached the lungs, they 
favored the theory that tar painting altered body response so that tumors 
developed at points of irritation. 

The difficulties in interpreting microscopic changes of mouse bladders 
have been reviewed by Bonser and Jull (10). Changes currently observed 
in bladders, with one exception, must be considered non-neoplastic. 
Usually there was an increase in the number of layers forming the epi- 
thelial lining, and in a few instances this resulted in outfolding of basal 
layers. Among 80 animals that survived painting with “‘tar,’”’ only 1 
malignant bladder tumor was found. These observations on mouse 
bladders differ from those of Holsti and Ermala (7), who found papillary 
carcinoma in 6 animals and papillomatosis of the urinary bladder in 35 
of 40 animals. Tar preparation for the Holsti-Ermala work, made from 
uncut tobacco leaf, Turkish and Virginian, in a pipelike glass apparatus, 
differs essentially from this experiment in which 5 popular brands of 
cigarettes were used in a cigarette-smoking machine. 

The “mixed known strain’ of albino mouse stock used by Holsti and 
Ermala may possibly be more susceptible to bladder tumors than to 
other tumors; however, literature concerning bladder tumors does not 
reveal spontaneous occurrence of bladder tumors in mice. 
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Influence of Altered Atmospheric Oxygen on 
Urethan-Induced Pulmonary Tumors in 


Mice '2 


JOSEPH A. DIPAOLO, Roswell Park Memorial In- 
stitute, Buffalo, New York 


SUMMARY 


Three groups of male and female Strong 
A mice, 6 to 8 weeks old, were injected 
with either 0.01 mg., 0.1 mg., or 1.0 mg. 
of urethan per gm. of body weight. 
Immediately after injection, mice from 
each of the 3 groups were exposed for 
48 hours to 4 different environments: 
10 percent oxygen, room air, 70 percent 


months later the mice were killed and 
the number of pulmonary adenomas 
counted. With 1 mg. of urethan per 
gm. of body weight, the concentration 
which produced tumors in all mice, the 
hyperoxia group developed more tumors 
than the other groups and showed a 
statistically significant difference from 


the other groups.—J. Nat. Cancer Inst. 


oxygen, and compressed air. Three 23: 535-540, 1959. 


THE THEORIES of Warburg (1), and others, indicate that anaerobic 
conditions select toward the survival of malignant cells as a result of 
their glycolytic metabolic mechanisms. Recent work of Goldblatt (2) 
suggests that periodic anoxia provokes malignant changes in tissue cul- 
tures. It has been postulated that activated peroxide is responsible for 
chromosomal aberrations following X radiation (3), and may be partially 
responsible for ultraviolet mutations (4). In 1952, Plaine and Glass (4) 
reported a slight increase in the incidence of melanotic tumors in Droso- 
phila melanogaster after exposure of the embryo to pure oxygen for 10 
minutes, and a decrease after similar exposure to pure nitrogen. The 
incidence of melanotic tumors was increased significantly and linearly 
by increasing the oxygen concentrations over a range from 0 to 20 percent 
at the time of irradiation. The further increase in tumor incidence ac- 
companying the shift from room air to pure oxygen was small but never- 
theless significant. Oxygen is also known to increase the number of 
lethal mutations in D. melanogaster exposed to radiation, due to either 
a direct effect or its influence on intermediates (6). Although questions 
exist concerning the duration of action of oxygen, X-ray injury probably 
results from the production of peroxides, and these peroxides release 
oxygen. This results in increased mutation rates and possibly car- 


1 Received for publication March 6, 1959. 
2 This investigation was supported in part by research grant C-2848(c) from the National Cancer Institute, 
National Institutes of Health, Public Health Service. 
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cinogenicity. Numerous investigators have shown that irradiation plus 
hyperoxia act synergistically in decreasing the survival time of mice, 
only if applied simultaneously or within minutes of each other. 

In 1956, Heston and Pratt (7) reported that mice injected intravenously 
with a dibenz(a,hjanthracene dispersion and exposed for 48 hours to 
about 100 percent oxygen developed more lung tumors than did animals 
injected with dibenz{a,hjanthracene and kept in room air. 

This report presents a study of the effect of altered atmospheric oxygen 
on the induction of pulmonary tumors by ethyl carbamate (urethan). 
The effects of hyperoxia, hypoxia, compressed air, and room air on mice 
injected intraperitoneally with different concentrations of urethan are 
compared. 


MATERIALS AND METHODS 


The albino mice used in these experiments are derived from a colony of 
Strong A animals. They develop a high number of spontaneous adenomas 
and are very responsive to urethan. Groups of 20 to 24 male and female 
animals, 6 to 8 weeks old, were kept in plastic cages having 5 to 8 mice 
each. They were fed Purina Chow and water ad libitum. The mice of 
each group were marked by clipping their ears, and weighed before ir- 
jection and again 48 hours later. Each animal was injected once with a 
solution in distilled water of either 0.01 mg., 0.1 mg., or 1 mg. of urethan 
per gm. body weight. All solutions were made so that each animal re- 
ceived 0.01 ml. of solution per gm. of body weight. Groups of animals 
serving as controls were injected intraperitoneally with water, maintained 
for 3 months, and then examined for incidence of lung tumors. Several 
concentrations of urethan were used to establish a dose response of urethan 
with altered atmospheric oxygen, in order to determine whether or not 
variations in the number of lung adenomas were the result of exposure of 
the mice to various oxygen concentrations subsequent to the injection 
of urethan. 

Rogers (8) has reported that urethan initiates neoplastic changes, and 
Shimkin and Polissar (9) have indicated that a single intraperitoneal in- 
jection of 1 mg. of urethan per gm. body weight may result in an increase 
in the number of nucleated cells in the lung within a day. Furthermore, 
99 percent of urethan (up to 1.5 mg./gm.) is eliminated from the animal 
within 24 hours (10). Therefore, the animals were immediately exposed 
for 48 hours to an altered oxygen concentration, or compressed air, or room 
air. After the exposure to the various regimens, the experimental animals 
were returned to the air of the animal room alongside the room-air con- 
trols. 

Three months after the injection and exposure, all animals were killed 
by cervical dislocation and examined for tumors. The lungs were injected 
intratracheally with approximately 1 ml. of Fekete’s modification of 
Tellyesniczky’s fixative before the chest cavity was opened. The lungs 
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were then excised and the tumors in each lobe counted in saline under a 
magnification of 12. Surface nodules and those within the lung paren- 
chyma, which were detected by compressing the tissue between the jaws 
of a smooth-tipped forcep, were both included in the total. Questionable 
masses, as well as tumor nodules selected at random, were sectioned, 
stained with hematoxylin and eosin, and diagnoses established histologically. 

To study the acute effect of altered oxygen on the mice, Plexiglass 
chambers with removable lids sealed with masking tape were used. These 
chambers were large enough to accommodate 8 plastic mouse boxes in 2 
rows. Temperature, moisture, and carbon dioxide were kept reasonably 
constant by equipping each chamber with water, carbon dioxide absorbers, 
and a circulating fan. ‘The oxygen gas used in these experiments was of 
medicinal therapy grade, while the nitrogen used to achieve hypoxic con- 
ditions was water pump nitrogen having 99.5 percent nitrogen. Gas was 
supplied from high-pressure tanks, its concentration regulated by venturi 
valves. Rubber tubing completed the flow line from the venturi valves to 
metal pipes on the chamber. The gas entered the chamber on both sides 
of the fan so that the flow of gas was upward, as well as throughout the 
chamber. Gas outlets were provided opposite the inlets, about 1 inch 
from the chamber bottom. A chamber with compressed air flowing 
through it served as a control for the hyperoxia and hypoxia chambers. 
In this case, copper tubing connected the rubber tubing to the compression 
pump. The concentration of oxygen in the chambers was verified with 
Beckman oxygen analyzers. The hyperoxia chamber was maintained at 
70 percent oxygen, the hypoxia chamber at about 10 percent oxygen, and 
the compressed-air chamber had 20.5 percent oxygen. 


RESULTS 


Of the 51 animals kept as controls, 4 developed single tumors. Among 
25 animals treated with saline and subjected to hyperoxia for 48 hours, 1 
animal developed a tumor. Among the compressed-air group, which 
served as controls for the other groups, 2 animals out of 25 developed single 
tumors. 

For each concentration of urethan used, each group was analyzed for 
within-cage and between-cage differences. Within-cage variations were 
pooled to give an estimate of the standard errors for each atmospheric 
condition employed. No significant difference between cages within each 
group was found. The means and standard errors of the means of the 
hypoxic, hyperoxic, compressed-air, and room-air groups at each level of 
urethan were determined (table 1). Text-figure 1 presents a summary of 
the results obtained with 3 different levels of urethan. In the transition 
from the hypoxic to hyperoxic group, no statistical difference could be 
attributed to the change in environment with either of the 2 lower levels 
of urethan: 0.01 or 0.1 mg. urethan per gm. body weight. Therefore, the 
change in atmospheric environment did not contribute to the number of 
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TEXxT-FIGURE 1.—Effect of three urethan concentrations on the induction of lung 
adenomas in Strong A mice at different oxygen concentrations. Animals exposed 
to compressed air also received urethan. 














NO. OF LUNG ADENOMAS / MOUSE 


TaBLe 1.—Means and standard errors of mean number of jung adenomas 





Concentration of urethan (mg./gm.) 





Oxygen level 0.01 0.1 1.0 





10 . 24 (25) * 0. 90 (22) . O (23) 
. 12 +0. 22 +1. 05 


20 . 32 (25) 0. 82 (22) 12. 8 (23) 
. 12 +0. 22 +1. 05 


20t . 44 (25) 1. 28 (25) 13. 0 (24) 
. 12 +0. 22 +1. 05 


(23) 


70 . 48 (25) 1. 35 (20) 8 
. 12 +0, 22 . 05) 





*Number of animals in each group. 
tCompressed air. 


tumors, nor was it responsible for any significant increase in tumors be- 
tween groups at these levels of urethan. 

Analysis of the results obtained with the highest concentration of 
urethan, 1 mg. per gm., indicated a statistically significant difference at 
the 1 percent level of confidence between the hyperoxia group and the 
room-air, compressed-air, and hypoxic groups, but not between the room- 
air, compressed-air, and the hypoxic groups. Examination of each level 
of oxygen in text-figure 1 shows an increase in the number of tumors per 
mouse with the increase in concentration of urethan; however, there are 
no statistical differences noted in the number of tumors per mouse between 
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the 2 lower concentrations at all oxygen levels. The highest concentra- 
tion of urethan does differ significantly from the other 2 levels of urethan 
in the number of tumors per animal at each level of oxygen used in the 
experiment. 


DISCUSSION 


Oxygen is known to increase the number of radiation-caused mutations 
in bacteria, fruit flies, and other species. Vogt (11) found that injections 
of sublethal doses of ethyl urethan into adult male D. melanogaster in- 
creased the lethal mutation rate significantly. DiPaolo (12), however, 
found that, in the Oregon R stock of D. melanogaster, urethan alone did 
not increase the number of lethal mutations, but combined urethan injec- 
tions and treatment with superoxal fumes did significantly raise the sex- 
linked lethal mutation rate. That positive result was deemed to be a 
synergistic effect. In the present study, urethan at the 2 lower concentra- 
tions, 0.01 and 0.1 mg. per gm. of mouse body weight, failed to produce an 
increased number of tumors under any of the experimental conditions; 
nor did these 2 concentrations of urethan result in development of tumors 
in all the animals used. Shimkin and Polissar (9) and Rogers (8) agreed 
that the dose of urethan controls the induction of tumors but not their 
subsequent growth. Our observations show that neither the altered 
atmospheric conditions nor the sex of the animals influenced the number 
of the tumors which they developed. The percent of oxygen in the com- 
pressed-air chamber did not differ from that found in the room air. The 
results among animals in the compressed-air chamber indicate that main- 
taining mice in closed chambers for 48 hours does not influence the induc- 
tion of tumors. 

All animals receiving relatively high concentrations of urethan, 1 mg. 
per gm. of body weight, developed tumors. The hyperoxia group de- 
veloped a significantly greater number of tumors than either the room-air 
group or the hypoxia group. Other investigators have demonstrated 
that relatively high concentrations of urethan will almost entirely elimi- 
nate all stages of mitosis for a time. Warburg (/3), in 1910, showed that 
phenol urethan in small amounts arrested mitosis and cell division in 
fertilized eggs of the sea urchin. Guyer and Claus (14) state that urethan 
had a direct or indirect cytologic effect on the corneal cells in which 
mitotic division figures were reduced for 12 to 16 hours. Engstrom, 
Kirschbaum, and Mixer (15) observed a decrease in the number of mitotic 
figures in marrow myeloid cells of mice with myelogenous leukemia, after 
urethan injections. Warburg (16) recently used urethan as an example 
to support his thesis of the origin of cancer cells. He considers it a non- 
specific respiratory poison, since it acts as a chemically indifferent narcotic, 
displacing metabolites from cell structures. He suggests that urethan 
may have a twofold action: (1) It may first serve to decrease further the 
impaired respiration of cancer cells, thus killing them. (2) It may similarly 
injure the normal cells which, though they survive, will have a compensa- 
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tory increased fermentation and thus become cancer cells. The difference 
we have found with a urethan dosage of 1 mg. per gm. of body weight, and 
the experience of Larsen (17) and Klein (18), who infer that respiratory 
movement in pregnant animals may increase the effective dose of urethan 
by producing an oxygen deficiency in the late in-term fetus, suggest that 
with concentrations of urethan sufficient to produce pulmonary adenomas 
in all mice, the number of tumors may be further increased by an environ- 
ment rich in oxygen. 
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fornia 


SUMMARY 


The localization and rate of systemic 
elimination of carbon-labeled (C") 
3,4-benzypyrene (benzo[a]pyrene) after 
subcutaneous injection and intratra- 
cheal instillation are significantly 
modified by the vehicle chosen for 
administration. This vehicle effect 
is less noticeable when benzopyrene 
is injected intravenously. The pri- 
mary method of benzopyrene elimi- 
nation from the host is through the 


feces, increases in proportion to the 
dose until a maximum is reached, 
with a resulting plateau that persists 
despite heroic increases in doses. 
Approximately 1 percent unchanged 
benzopyrene is recoverable in the bile 
and feces, but only within the first 
10 to 15 minutes after intravenous in- 
jection. In animals with biliary fistu- 
las, urinary excretion of benzopyrene 
metabolites is reduced by half, which 


feces, with maximum metabolic alter- 
ation occurring in the hepatobiliary 
system. The excretion of benzopy- 
rene metabolites (radioactivity) in 
the bile, and subsequently into the 


suggests that the enterohepatic sys- 
tem contributes to the urinary concen- 
tration of benzopyrene metabolites.—J. 
Nat. Cancer Inst. 23: 541-555, 1959. 


IN THE evaluation of the carcinogenic potency of environmental agents, 
significant factors are: the mode of entry, sites of localization and reten- 


tion, anatomic distribution, and metabolic fate of these agents. Car- 
cinogenic agents in the atmospheric environment become a biological 
threat only after entry into the tracheobronchial tree, with resultant 
deposition and retention on the pulmonary epithelium. In earlier 
studies, we have shown that soot particles containing carcinogenic aro- 
matic polycyclic hydrocarbons occur in urban atmosphere in a size range 
compatible with inhalation and deposition (1). Similar findings have 
been reported by Waller (2), Cooper and Lindsey (3), and Blacklock 
et al. (4). We have further reported that respiratory irritants, breathed 
before or simultaneously with soot, interfere with the physiologic activity 

1 Received for publication February 16, 1959. 

2 This investigation was supported by grant LC-3 from the American Cancer Society, Inc., and grant CS-9156 
from the Field Investigations and Demonstrations Branch of the National Cancer Institute, National Institutes 
of Health, Public Health Service. 

3 The authors wish to acknowledge the photographic work of Mr. Lloyd Matlovsky, Department of Photog- 


raphy, University of Southern California School of Medicine, and the technical assistance of Mr. Donald Rocco, 
B.A. 
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of the respiratory epithelium by facilitating the focal accumulation of 
particulate matter on the respiratory lining (5). This is accomplished 
by a change in the consistency of mucus and a diminution in the rate of 
flow of the mucous stream, presumably due to interference with ciliary 
activity. Elution of the adsorbed carcinogen from the soot particle 
ensues. The mechanism of liberation has been studied and the rate 
of removal of aromatic polycyclic hydrocarbons from soot by proteins 
has been quantitated (6). 

Before determining the anatomic and metabolic fate of carcinogenic 
aromatic polycyclic hydrocarbons after deposition on the respiratory 
epithelium, we studied the fate of 3,4-benzpyrene,‘ a representative car- 
cinogen, following subcutaneous administration, intravenous injection, 
and intratracheal instillation. Our goals were: (1) confirmation of the 
primary routes of elimination, (2) determination of the metabolic altera- 
tion subsequent to intracellular entry, and (3) assessment of the effect 
of various vehicles used to select the optimum vehicle for follow-up 
experiments. Finally, and perhaps most significantly, the ultimate to 
be derived from such a study was the identification and quantitation of 
metabolites, ideally in the urine or bile, which would accurately reflect 
the absorption of carcinogenic agents by the intact host. The quantita- 
tion of carcinogenic agents in the respiratory environment is of significance; 
however, any postulated biological effect would appear to depend to a 
great degree on the crucial factor of individual absorption. 

The anatomic and metabolic fate of carcinogenic aromatic polycyclic 
hydrocarbons have been the subject of numerous investigations. Peacock 
(7), in 1936, demonstrated that the hepatobiliary system and gastro- 
intestinal tract are the main avenues of elimination of these agents after 
intravenous injection in experimental animals. He showed the presence 
of fluorescent derivatives of aromatic polycyclic hydrocarbons in the bile. 
Casu et al. (8) studied the metabolism of the carcinogenic hydrocarbon, 
3,4-benzpyrene, and detected a substance in the lungs that they tenta- 
tively identified as 5-hydroxy-3,4-benzpyrene, a compound spectro- 
scopically similar to one synthesized by Creech and Jones (9). Chalmers 
and Kirby (10) administered 3,4-benzpyrene as a colloidal suspension 
subcutaneously and similarly noted maximum excretion through the bile 
into the feces. Of interest is their recovery of unchanged benzopyrene 
in the feces of rats and fowl. Berenblum and Schoental (11) compared 
the effect of subcutaneous and intraperitoneal injection of 3,4-benzpyrene 
in sesame oil in mice. The benzopyrene was eliminated 15 times faster 
after intraperitoneal injection. The rate of elimination at any given 
time was consistently proportional to the concentration, independent of 
the amounts originally injected. They detected 1 percent of the admin- 
istered benzopyrene unchanged in the feces. No tumors resulted from 
the intraperitoneal injection of benzopyrene. Doniach et al. (12) studied 
the distribution of 3,4-benzpyrene following injection of a saline suspension 
in the tail vein of mice. Within 2 to 4 hours they noted a change in the 


4 Chemical Abstracts’ nomenclature: benzo[a]pyrene. 
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fluorescence of the benzopyrene in the kidney, lung, and liver. The 
presence of a metabolite was suggested. When the benzopyrene was 
painted, the altered fluorescence did not appear for 6 hours, after which 
it increased in intensity up to the 6th day. Heidelberger and Weiss (13), 
with C'-3,4-benzpyrene as an aqueous colloid, reported the recovery of 
65 percent of the dose in the feces in 24 hours. After only 90 minutes, 
72 percent of the dose was concentrated in the carcass, bile, and gall- 
bladder. 


MATERIALS AND METHODS 


Carbon-labeled benzopyrene (2’3’-C''-3,4-benzpyrene) with a specific 
activity of 6000 counts per minute (cpm) per ug. was used.’ The 
carcinogen was prepared for animal administration in three ways: (1) A 
plasma solution was made with fresh human plasma (a concentration of 
100 wg. benzopyrene/ml. plasma was obtained). (2) A water suspension 
was prepared by dissolving approximately 100 yg. of benzopyrene in a 
fraction of a ml. of acetone and by rapidly mixing a measured amount of 
this solution with distilled water. In most experiments the acetone was 
removed with a stream of nitrogen and a relatively stable microcrystalline 
suspension was formed. Each dose was prepared immediately before 
injection, since precipitation was obvious after 24 hours. (3) Lipide 
solutions were made with ethyl laurate as the solvent and with triethylene 
glycol as the solvent for intratracheal instillation. Whether suspended 
or dissolved, the radioactive doses were within the same range. 

Strain A mice with an average weight of 30 gm. and Wistar white male 
rats weighing 175 to 200 gm. were used. Subcutaneous injections were 
administered interscapularly. The mice received intravenous injections 
into a tail vein and the rats, into the femoral vein. The animals were 
placed in metabolic cages and excreta were collected at regular, frequent 
intervals and counted immediately. 

Inasmuch as the liver and the biliary systems have been shown to be 
of major significance in the metabolism of aromatic polycyclic hydro- 
carbons, hepatic localization and biliary excretion were studied in intact 
rats and rats with biliary fistulas. Fistulas were prepared by performing 
laparotomy on rats under sodium pentobarbitol (Nembutal®) anesthesia. 
The common bile duct was isolated and exposed along its entire length. 
It was partially transected at a point close to its duodenal attachment, 
and a 26-gauge needle with a beveled end was introduced for a distance 
of 1 inch. This cannula was fixed at two points and a length of poly- 
ethylene tubing, 0.015 cm. in diameter, was attached to the free end of 
the cannula. At the distal end of the plastic tubing, a second 26-gauge 
needle with a beveled end was attached and mounted securely so that the 
microdrops that formed traversed a light path from a photoelectric cell 


5 The isotope was prepared in conjunction with Isotope Specialities Corp., Burbank, Calif. Purity was checked 
by ultraviolet and fluorescence spectroscopic analyses. 
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which was placed on and activated a Technicon fraction collector. This 
technique permitted the collection of individual drops of 0.009 ml. on 
filter paper or multiple drop collection in test tubes as desired. A 
kymograph was adapted so that the dropping rate and the measurement 
of the time interval of collection per tube could be determined. 

The radioactivity of tissue samples was assayed by accepted procedures. 
Self-absorption curves for each solid sample were empirically determined 
throughout the range from zero to infinite thickness. Each organ was 
homogenized in water with a Waring blendor, frozen in ampoules, and 
lyophilized. The dried material was then extracted with acetone, acetone- 
ether mixture, and ether to remove all lipide material. The extracts 
had no counts. The protein was then dried in a 60° C. water bath and 
aliquots were planchetted and counted. Urine was diluted with water 
and counted directly. The feces were homogenized, lyophilized, and 
samples of from 18 to 25 mg. were counted. After the visceral organs 
and carcass were extracted with lipide solvents, they were homogenized 
and lyophilized. 

Liquid samples were counted by pipetting onto Whatman #1 paper- 
covered planchets and again corrected for self-absorption. All tissues 
were counted within the range of 18 to 25 mg. per planchet and all liquid 
samples were within the 10 to 100 ul. range. 

Exhaled gases were collected in sodium hydroxide and precipitated as 
barium carbonate for the detection of counts in expired carbon dioxide. 


RESULTS 


In all, 10 experiments were performed on mice and 36 on rats. 
Specific doses varied with individual experiments and the findings are 
reported in percent of administered dosage. The representative data 
presented are from individual experiments. Significant variations from 
the representative data when obtained experimentally are discussed in 
appropriate sections of the text. The duplication of results in parallel 
experiments was remarkable. Experiments in which progressively longer 
intervals were allowed to elapse after the benzopyrene administration 
provided an opportunity to check constantly the data from preceding 
experiments with shorter elapsed times. 


Systemic Distribution and Elimination After Subcutaneous Injection 
in Mice 


The elimination of benzopyrene after subcutaneous injection, with the 
various vehicles, into mice is shown in text-figure 1. Maximum elimina- 
tion occurred through the feces, independent of the vehicle used. Urinary 
excretion was so small by contrast that the vehicle effect was neutralized. 
In text-figure 2, the retention of benzopyrene was measured after adminis- 
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tration of 3,4-benzpyrene in plasma, an aqueous medium, and a lipide 
medium. The data were compared with the published results of Heidel- 
berger, after subcutaneous injection of benzopyrene in tricaprylin (13). 
The complementary findings establish that elimination is maximum and 
retention is least when plasma is the vehicle. In a lipide solution, reten- 
tion is maximum while, with aqueous injection, the data fall between 
the two. 
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Text-FicuRE 1.—Rate of elimination of C"-3,4-benzpyrene after subcutaneous 
injection into mice. 


Systemic Distribution and Elimination After Intravenous Adminis- 
tration in Intact Rats 


The carcinogen was administered to rats intravenously in human plasma 
solution and in aqueous suspension. The distribution and elimination 
of benzopyrene is shown in table 1. Maximum systemic excretion occurred 
through the feces. Within the host, the biliary system was the site of 
greatest concentration and localization. 
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TEXT-FIGURE 2.—Percent retention of C'-3,4-benzpyrene after subcutaneous injection 
into mice. 


TaBLe 1.—Distribution and rate of elimination of radioactivity after intravenous 
injection of C'4-3,4-benzpyrene into rats* 
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Aqueous suspension Plasma solution 
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*Dose: 30 ug. C'4-3,4-benzpyrene in 0.9 ml. vehicle. 


Systemic Distribution and Elimination Following Intratracheal 
Instillation in Rats 


The carcinogen was dissolved in triethylene glycol and instilled intra- 
tracheally by catheter into the rat. The esophagus was ligated to prevent 
the carcinogen from entering the gastrointestinal tract by mucous-stream 
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flow into the hypopharynx, with subsequent swallowing into the esophagus. 
The distribution, retention, and elimination of material absorbed exclu- 
sively through the respiratory tract could thus be determined. The data 
are presented in table 2. The pattern of distribution essentially parallels 
that observed after subcutaneous and intravenous administration of the 
carcinogen, except for the high local pulmonary concentration. 


TaBLE 2.—Distribution and rate of elimination of radioactivity after intratracheal 
installation of C'4-3,4-benzpyrene into rats* 





Medium 





Aqueous suspension Triethylene glycol 


solution 
(% Injected dose) 
Time interval (% Injected dose) 
Time interval 


(24 hours) (4 hours) 
28. 0 17. 2 
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*Dose: 25 wg. C-3,4-benzpyrene in 0.3 ml. vehicle. 


Local Organ and Organ-System Retention and Excretion After 
Intravenous Injection 


In determining the systemic distribution and elimination of 3,4-benz- 
pyrene after intravenous injection, we obtained data relating to localiza- 
tion and excretion at various anatomic sites. These will be discussed by 
specific organ and organ systems. 

Blood.—Following injection of benzopyrene, radioactivity is rapidly 
cleared from the blood. The persistence of counts in the blood in terms 
of percent of dosage retained at progressive time intervals is shown in 
table 3. 

Respiratory tract.—In all experiments, a minimal degree of localization 
and retention within the lung was noted. The retention never exceeded 


TaBLE 3.—Clearance rate of C'4-3,4-benzpyrene from blood after intravenous injection 
in rats * 





Percent injected 


Time after injection 


Activity in blood 


dose 





1 minute 

2% minutes 
744 minutes 
10 minutes 


21,350 cpm in 6 ml. blood 
12,360 cpm in 6 ml. blood 
5,480 cpm in : ml. blood 


32. 3 
18.7 
8.3 
0 





*Dose: 11 wg. = 66,000 cpm in 0.2 ml. plasma. 
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1.2 percent of the administered dose, with concentrations as low as 0.14 
percent being detected. Radioactivity in the lung remained relatively 
constant over a 24-hour period. The use of anesthesia and the choice 
of the vehicle had no effect on the level of radioactivity in the lung. 

Spleen.—Concentration in the spleen was always low and never ex- 
ceeded 1 percent of the total administered dose. The spleen under all 
experimental conditions is insignificant in the retention and localization 
of benzopyrene. 

Biliary tract.—To study the rate of excretion of radioactivity into the 
bile, benzopyrene was administered in plasma solution or aqueous sus- 
pension into the femoral vein. Anesthesia was maintained by frequent 
small doeses of Nembutal. Water was administered by gavage every 
2 hours. 

The rate of bile excretion and the effect of doses of benzopyrene admin- 
istered were first studied so that their effect on the distribution of radio- 
activity in the bile could be evaluated. Flow rates from individual ani- 
mals were compared, and marked variations were observed. The flow 
rate of bile for individual rats in relation to elapsed time was also meas- 
ured. Total bile excreted was measured as were the amounts during 
the early, middle, and later intervals of each experiment. To facilitate 
comparison of data, rats were arbitrarily divided into three groups that 
showed: (1) slow excretion of bile—0.5 to 1.4 drops per minute, (2) inter- 
mediate flow—1.5 to 2.4 drops per minute, and (3) rapid flow—greater 
than 2.5 drops per minute. Each drop had a volume of 0.009 ml. For 
the period of time studied, the proportion of recovered radioactivity 
increased as the volume of excreted bile increased. This relationship 
persisted up to a period of 12 hours, when as much as 12 ml. of bile could 
be recovered from the rats. 

We wished to determine the dose of benzopyrene that would yield the 
maximum recovery of radioactivity in the bile. A saturation point was 
sought above which the radioactivity in the bile would not increase, 
no matter how markedly the dose administered was enhanced. The 
initial dose levels administered were 19 yg., 26 uwg., and 45 ug. of carbon- 
labeled benzopyrene. At each of these levels, the recovered radioactivity 
increased proportionally. At a dose level of 150 ug., however, a satura- 
tion point had apparently been reached since no elevation in biliary con- 
centration of counts could be obtained, even by increasing the adminis- 
tered dose to 400 ug. of benzopyrene as shown in text-figure 3. 

Maximum excretion occurred very rapidly after administration, but a 
decline in counts occurred over the next several hours, with a significant 
slowing of the rate of elimination beginning approximately after 8 to 12 
hours. Radioactivity could be detected in the bile for as long as 24 hours 
after the injection. A representative curve demonstrating the excretion 
rate and pattern is shown in text-figure 4. During the first 12 hours, 
smaller amounts of radioactivity were found to be randomly distributed 
in the liver, lungs, kidneys, and urine. These latter sources represented 
a maximum of 5 to 6 percent of the total dose. Approximately 20 per- 
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TExtT-FIGURE 3.—Concentration of radioactivity in the bile in relation to dose of 
C4.3,4-benzpyrene administered. 


cent of the administered radioactive dose could not be accounted for. 

We undertook additionally the quantitation of radioactivity in the 
bile by the analysis of individual drops collected on filter paper. The 
initial 10 drops of bile collected after injection were devoid of radioactivity. 
We found that as many as 20 to 25 individual drops could be pooled 
without altering the pattern of distribution when it was plotted on a time 
basis. All analytical studies routinely demonstrated that maximum ex- 
cretion of radioactivity was reached within a 1-hour period. A gradual 
decline then followed, with minute quantities of radioactivity persisting 
after 24 hours. The individual fraction in each experiment with maxi- 
mum or peak radioactivity appeared at intervals varying from 20 to 60 
minutes after injection. Calculation established that the varying time 
interval was a function of the rate of bile flow. After injection of a dose 
of 150 ug., the highest specific activity recovered in any sample repre- 
sented was 0.4 ug. of benzopyrene per microdrop of bile. 

The nature of metabolic degradation and the identification of meta- 
bolites in the bile are under intensive investigation. We have thus far 
established that unaltered benzopyrene excreted in the bile constitutes a 
maximum of 1 percent of the total dose injected. A combination of 
ultraviolet spectroscopy and fluorescence spectroscopy was used to iden- 
tify the benzopyrene. This confirms the observations of Chalmers and 
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TEXT-FIGURE 4.—Representative pattern and rate of excretion of radioactivity into 
bile after intravenous injection of C%-3,4-benzpyrene into rats. Dose: 134 yg. of 
C¥.3,4-benzpyrene dissolved and administered in 0.9 ml. plasma. 


Kirby (1/0) and Berenblum and Schoental (/1). Our studies on the 
metabolic products of 3,4-benzpyrene will be detailed in a future publi- 
cation. 

Gastrointestinal tract.—In the intact rat, systemic elimination of radio- 
activity was greatest through the intestinal tract and into the feces. 
Within 24 minutes after injection, radioactivity was detectable in the 
intestines. The quantity rapidly increased with time. Inasmuch as 
the rate of fecal elimination varied with each animal, the concentration 
of counts in the intestinal tract was determined after autopsy. Gastric 
concentration of radioactivity varied from 3.7 percent of the total dose 
after 24 hours with aqueous benzopyrene to 6.5 percent after 24 hours 
with benzopyrene administered in protein solution. The possibility that 
coprophagy was responsible for the latter concentration must be con- 
sidered. 
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In rats with biliary fistulas, a maximum of 1.6 percent of the admin- 
istered dose was localized in the stomach. Radioactivity could be de- 
tected in the stomachs of only 25 percent of the rats. These results are 
in marked contrast to those observed in intact rats and may be explainable 
on the basis of the regurgitation of bile from the duodenum into the 
stomach, or coprophagy. An average of 2 percent of the administered 
dose was recovered from the intestinal tract. Inasmuch as the common 
bile duct was separated from the gastrointestinal tract, we assume that 
the radioactivity entered via the systemic circulation. 

Liver.—The liver was studied independently of the extrahepatic biliary 
tract. Maximum concentration of radioactivity was found in the liver 
10 minutes after injection, with a peak of 12 percent of the total dose re- 
covered. After a 3-hour period, the radioactivity in the liver was reduced 
by more than half, and after 24 hours the activity varied from 1 to 3 per- 
cent. These data demonstrate a very rapid localization of benzopyrene 
in the liver with almost as rapid an excretion in the bile. Thus, while 80 
percent of the total dose is ultimately recoverable in the bile, residence 
time in the liver is short, and constant clearing of benzopyrene from blood 
through the liver into the bile takes place. 

Incidental to our studies on the hepatic concentration of benzopyrene, 
we were concerned with the enterohepatic circulation in the systemic 
distribution and elimination of benzopyrene. In the intact animal, we 
have observed that, after a 24-hour period, urinary excretion may account 
for from 7 to 14 percent of the total dose administered. During this time 
less than 2 percent of the administered dose was detectable in the kidney. 
In marked contrast, in animals with biliary fistulas, a maximum of only 
3 to 4 percent of radioactivity was recovered in the urine. These data 
suggest that the enterohepatic circulation serves as a secondary source of 
radioactivity that is excreted in the urine. 

The administration of C"-3,4-benzpyrene to rats by the intravenous 
route virtually obliterates the vehicle effect on elimination rate, as demon- 
strated in mice, after subcutaneous administration. The distribution of 
radioactivity in rats with biliary fistulas is shown in table 4. 


TaBLE 4,—Distribution of radioactivity after intravenous injection of C-3,4-benzpy- 
rene in plasma solution into rats with biliary fistulas 





Recovery in bile Total bile 
Bile flow rate Duration of recovery 
(Drops/minute; experiment (% Injected dose) (% Injected 
drop = 9d) (hours) l hour 2 hours 3 hours dose) 
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19 
18 
30 

3 





VOL. 23, NO. 3, SEPTEMBER 1959 
513121—598——_20 





552 KOTIN, FALK, AND BUSSER 


DISCUSSION 


Studies by Watson (14), Peacock and Beck (15), and Morton and Mider 
(16) have demonstrated a modifying effect of the vehicle or solvent on the 
carcinogenic process. Strait et al. (17) concluded that the neoplastic 
response was most likely to occur under circumstances in which the vehicle 
permitted a slow and constant liberation of the carcinogenic agent from 
the site of administration. 

Our studies demonstrate that organ localization and systemic elimina- 
tion are similarly influenced by the vehicle used when C™-3,4-benzpyrene 
is injected subcutaneously into mice. The effect is primarily a temporal 
one. Most rapid localization and elimination occur with the use of plasma 
proteins as the solvent for the benzopyrene. That the solvent effect is 
primarily related to time is evident from text-figures 1 and 2. Benzo- 
pyrene in aqueous suspension is excreted in essentially similar concentra- 
tions to those observed with benzopyrene in plasma solution, with the 
primary difference that a time lag of from 48 to 72 hours occurs with the 
former. With ethyl laurate in our studies and with tricaprylin in the 
studies of Heidelberger, the time interval for benzopyrene metabolite 
excretion is markedly prolonged. 

The slower elimination rate of benzopyrene in the aqueous and lipide 
mediums reflects in part, we feel, the time interval necessary for the 
carcinogen to enter protein solution within the host. This directs atten- 
tion to the importance of the vehicle in assessing the hazard posed by an 
environmental carcinogen. Vehicles that permit prolonged periods of 
tissue contact and exposure presumably permit a greater likelihood of 
biological activity on the part of carcinogenic agents. 

The modifying effect of the vehicle is markedly reduced when adminis- 
tration is by the intravenous route. While a time lag can be noted 
between the localization of aqueous benzopyrene when compared with 
benzopyrene in plasma solution, the relationship is not nearly as consistent 
or reproducible as that observed with subcutaneous injection. 

We routinely observed that total recovery of radioactivity is less than 
the dose administered. The deficit probably reflects the concentration 
of counts retained at the site of injection as well as the amount distributed 
through the carcass which includes the skin, osseous system, fat, and 
muscles. The concentration of radioactivity in these sites is now under 
study. 

Our mouse and rat studies confirm previously published reports that 
maximum systemic excretion of benzopyrene and its metabolites occurs 
through the gastrointestinal tract with the liver and biliary system 
dominant in this process. Especially relevant are the studies of Heidel- 
berger and Jones (18) who, in 1948, reported studies on the distribution 
of radioactivity in the mouse at various intervals after administration of 
carbon-labeled dibenzanthracene. They concluded that the radioactive 
substances were rapidly eliminated primarily through the feces, and 
that the distribution and rate of elimination depended upon the mode 
of administration. In the intact rat and in rats with biliary fistulas, the 
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rate of localization at organ sites and the rapidity of systemic excretion 
are also influenced by the vehicle used for benzopyrene administration. 

After intravenous injection, the biliary concentration of benzopyrene 
metabolites progressively increases to a saturation level, which, in our 
experiments, occurs at a dose of 150 wg. Any increase in the dose of 
benzopyrene beyond this results in a constant yield of metabolites 
(radioactivity). The percentage recovery of the total dose adminis- 
tered decreases with increased doses. This finding was first observed by 
Weigert and Mottram (19) who showed a progressive decrease in per- 
centage of recovery of benzopyrene metabolites in the feces after the 
intravenous injection of benzopyrene in amounts varying from 500 to 
15,000 ug. Because of the large dose of benzopyrene administered by 
them in their initial experiment they were unable to show the increase 
in yield that we observed at low doses. Our studies have apparently 
determined the threshold at which increasing the dose of benzopyrene 
results in a uniform maximum yield of metabolites in the bile. It was our 
initial belief that a uniform level of excretion would occur at the amount 
of maximum yield, and that this plateau would persist as long as sup- 
rathreshold amounts were circulating and were available for passage 
through the liver into the bile. A minimal drop in yield at threshold levels 
over a period of time would be perhaps explainable on the basis of enzyme 
exhaustion. However, we failed to observe a prolonging of the maximum 
excretion rate in the bile in relation to increased doses of benzopyrene 
injected. The persistence of a constant time pattern of excretion in the 
bile, despite the excess benzopyrene presumably available for hepatic 
cell entry, strongly suggests that sites other than hepatic localization 
must exist. Chalmers and Peacock (20) and Peacock (21) have identified 
sites, such as adipose tissue, the central nervous system, and the sebaceous 
glands. 

The identification of metabolites and their relation to the dose of 
benzopyrene administered and the rate of biliary excretion will be reported 
in a future publication. 

Despite the maximum accumulation of benzopyrene metabolites in 
the bile, the concentration in the liver at any given time is surprisingly 
low. This indicates a rapid passage of benzopyrene through the liver 
cell so that perhaps minimal alterations in liver-cell function will be 
reflected in an altered spectrum of benzopyrene metabolites. In view 
of the significance of the liver in the metabolism of benzopyrene, the 
effect of chronic liver disease (cirrhosis) on the carcinogenic activity of this 
hydrocarbon is in need of evaluation. 

Following intravenous administration, the clearance of benzopyrene 
from the blood is exceedingly rapid, and, after 10 minutes, radioactivity 
is barely detectable in blood samples obtained from the systemic circula- 
tion. The primary site of clearance is into the hepatobiliary system. 
The maximum concentration of radioactivity in the lung never exceeded 
2.5 percent of the total dose. Minute differences were observed on the 
basis of the vehicle used. Examination of expired air established that 
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no radioactivity was lost as carbon dioxide through the respiratory 
tract. 

The spleen, kidney, and stomach were sites of minimal localization of 
radioactivity and the vehicle effect in relation to them was least pro- 
nounced. Studies are under way to determine whether this is exclusively 
due to the low level of radioactivity that might obliterate any significant 
differences referable to the vehicle. 

Marked differences in the radioactivity excreted in the urine were 
observed in intact rats when they were compared with those in which 
biliary fistulas had been prepared. The lower concentration in rats 
with biliary fistulas strongly suggests that, after excretion of radioactivity 
into the intestinal tract of intact rats, significant amounts are reabsorbed 
through the enterohepatic circulation and partially excreted through 
the urinary tract. 

Following intratracheal instillation of 3,4-benzpyrene, the general 
pattern of systemic distribution that occurred after subcutaneous and 
intravenous injection was observed. When benzopyrene is instilled in 
aqueous suspension, localization persists so that 38 percent of the ad- 
ministered dose can be recovered, even at the end of a 24-hour period. 
In marked contrast, when benzopyrene is instilled in triethylene glycol 
solution, only 17 percent of the injected dose persists for as relatively 
short an interval as 4 hours. This rapid mobilization may be due in part 
to the greater speed of solubilization of the fine precipitate that follows 
the use of triethylene glycol as the vehicle. In contrast, the larger 
crystals which form after the administration of benzopyrene in aqueous 
suspension are dissipated at a slower rate. 
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SUMMARY 


Evidence has been presented for the 
very long persistence and genotypically 
autonomous functioning of isologous 
normal ww blood-forming tissue in 
X-irradiated genetically anemic WW* 
hosts. For more than 500 days the 
blood pictures of anemic mice im- 
planted with isologous ww fetal liver 
cells corresponded closely with those of 
untreated control ww mice of com- 
parable age and genetic background 
rather than with those of untreated 
WW* mice. Even after this period, 
mean cell volumes and erythrocyte 


counts indicated that implanted ww 
cells were functioning. Importance of 
the W-genotype of implanted cells was 
demonstrated by the lack of a bene- 
ficial result from injections of isologous 
WW or WW? fetal cells in irradiated 
anemic hosts. The ww-implanted WW* 
anemics tended to live longer than 
both irradiated and nonirradiated con- 
trol WW* anemics; this suggested that 
the genotype of functioning hemato- 
poietic tissue may have an important 
influence upon longevity.—J. Nat. Can- 
cer Inst. 23: 557-566, 1959. 


IMPLANTING BLOOD-FORMING tissue from normal (ww) mouse 
fetuses into X-irradiated histocompatible anemic (WW’) adult hosts pro- 
vides a functional test of the survival of isologous hematopoietic cells (1). 
The present study is intended to report long-term results of this procedure. 
Included also are results of experiments in which the donors as well as 
the hosts were genetically anemic, testing the importance for this effect 
of the W-genotype of the implanted blood-forming tissue. Since the 
hosts were followed to the end of their lifespans, the data also have some 
interest in relation to the contribution of particular tissues to the determi- 
nation of longevity of the whole organism. 


MATERIALS AND METHODS 


Within 1 hour after receiving 200 r whole-body X radiation, adult 
WW’ mice, from 2 different F, hybrid crosses (WC-Ww X C57BL-W*w, 


1 Received for publication February 20, 1959. 
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WK-Ww X C57BL-W'w), were given intravenous injections from the 
hematopoietic livers of 15%-day-old C57BL normal ww embryos. The 
genotypic relationships of implant and host may be considered comparable 
to those of parental pure-strain implants into F, hybrid hosts, except that 
the implant also differs from the host by alleles at, and possibly others 
closely linked to, the W-locus on the third chromosome. 

Previously reported results for the first 160 days after treatment (2) 
made it seem highly probable that the injected hematopoietic cells 
established themselves in the WW’ hosts, where they continued to function 
according to their ww genotype, since within 18 days these hosts developed 
a blood picture very similar to that of normal ww animals. Criteria 
distinguishing the 2 types of blood picture are: hematocrit level (38-40% 
in young adult WW’ mice, 47-50% in young adult ww mice), erythrocyte 
count (6 to7 * 10°RBC/mm.' for WW’ mice, 11 to 12 * 10° RBC/mm.' 
for ww mice), and mean erythrocyte volume (50-60 mm.’ for WW* mice, 
39-45 mm.’ for ww mice). Implantation of hematopoietic cells has been 
previously demonstrated (3-9), and probably it, rather than any possible 
transfer of function to host cells, occurs here also, since homologous 
implants from a foreign inbred strain were completely ineffective. 

The importance of the W-genotype of donor fetal cells was indicated 
by two additional experiments. These were similar to the first in that 
adult anemic hosts were exposed to 200 r whole-body X radiation immedi- 
ately before the injection of 8 X< 10° isologous cells from 15'-day-old 
fetal livers. They differ, however, in that the donors in one experiment 
(table 1) were WW® anemic embryos from the WK X C57BL hybrid 
cross, injected into completely isologous WW’ adult hosts from the same 
hybrid cross. The donors in the second experiment were WW anemic 
embryos from one parental inbred strain, WC, implanted into hybrid 
(WC X C57BL) WW’ adults (table 1). In both experiments the hosts’ 
reactions were indistinguishable from those of similarly irradiated control 
WW* adults. 


TaBLe 1.—History (first 160 days) of blood picture of adult WW* anemic hosts 
subjected to 200 r whole-body X radiation followed by implantation of 
isologous blood-forming tissue from genetically anemic embryos 





WW* cells in WK X C57BL (4) WW cells in WC X C57BL (4) 





Days post 
treatment Hematocrit Mean cell volume Hematocrit Mean cell volume 





40.8 55. 9 42. 2 58. 9 
25. 6 —_ . —_— 
21. 2 , — 
23. 9 ; — 
(1 died) 

37. 4 : 
36. 2 3. 7 ‘ 62. 7 


35. 4 . ‘ 61.0 
36. 7 ; 61. 2 


37. 7 , 
(1 died—165) 
(1 died—190) 
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To test the persistence of implanted tissue, the blood picture of 7 WW" 
mice with implants of ww blood-forming tissue (text-fig. 1) and of 4 
surviving WW?® mice, which had received injections of isologous WW° 
blood-forming tissue, has been followed for the remainder of their lives, 
with hematocrit determinations at 50-day intervals. At certain pre- 
selected times (210, 365, 560, and 660 days after irradiation and im- 
plantation, plus any times at which the change in hematocrit exceeded 
10% of the last value) erythrocyte counts and mean cell volumes were 
also determined (table 2). Parallel determinations were made at com- 
parable ages with 2 series of ww and WW’ control mice genetically similar 
(WC X C57BL, WK xX C57BL) to the experimental WW’ hosts (text- 
fig. 1, table 2). Since the aging control series were started some time 
after the experimental series, comparison data are presently available 
only for total ages from 180 to 720 or 780 days. 


RESULTS 


WW* mice with ww implants achieved hematocrit levels very similar to 
those of untreated ww controls and maintained them for 500 days after 
implantation in both experimental series (text-fig. 1). However, untreated 
ww and WW’* mice, as well as WW® mice with ww implants, showed, 


mean, non-radiated Ww,ww/(IO inC, Il in K ) 
a mean, non-radiated WWY (9 inC, 8inK) 


mean, radiated WWY 
plus C57BL embryo tivert( 4inC, 4 ink) 


t animal died 
x greatest lifespan radiated WW” control 


 * 


°7 ALIVE 


. 
~ MA fmol At 








HEMATOCRIT PERCENT 


se. 


* a @ 
WK x C57BL \~. “ee —< Sesame 
“ttt “ 


150 250 350 450 550 650 750 850 
AGE IN DAYS 
TEXT-FIGURE 1.—Hematocrit determinations for hybrids of WC and WK with C57BL. 
Comparisons are made among irradiated anemics receiving injections of C57BL 
embryo livers, nonirradiated anemics, and nonirradiated normals. 
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with advancing age, progressive reduction of the hematocrit level; this 
made interpretation from hematocrit alone difficult, particularly in the 
WC X C57BL series at ages over 700 days. The small sample size 
(4 and 3 in the experimental groups) also led to difficulties, particularly 
when some of the group showed the extreme anemia frequently observed 
just before death (WC X C57BL implanted anemics at 720 and 770 
days, for example). 

The erythrocyte counts and particularly the mean cell volumes (table 1) 
provided clear evidence, however, that even when the hematocrit levels 
were low, many of the erythrocytes in the peripheral circulation of WW’* 
mice with ww implants were closer in cell size to those found in ww un- 
treated controls than to those in WW’ controls. At very advanced 
ages there was some increase in mean cell volume in the implanted anemics, 
which may have been due either to an increase in the proportion of 
erythrocytes contributed by the host or to normal aging changes (sufficient 
comparison data are not yet available). Thus it appears highly probable 
that the ww hematopoietic cells implanted in irradiated histocompatible 
WW*® hosts remained permanently functional, and that their products 
dominated the blood picture of the hosts throughout most, if not all, of 
their posttreatment lifespan. 

The longevity of the implanted WW’ anemics is of interest. Of the 8 
WW* mice that at 150 to 160 days received 200 r whole-body radiation 
followed by implantation of ww hematopoietic cells, 7 survived to at 
least 720 days, and 3 survived more than 900 days. Of 9 comparable 
WW*® mice receiving 200 r whole-body radiation without subsequent 
treatment, 4 died less than 18 days after irradiation (2) and 5 that sur- 
vived the critical period immediately following irradiation were dead by 
700 days. Among 9 WW’ mice subjected to 200 r whole-body radiation 
followed by injection of isologous anemic (WW or WW’) embryo hema- 
topoietic cells, 1 died 21 days after treatment, 3 died less than 200 days 
after treatment, and only 1 survived 650 days. Of 17 untreated control 
WW’ mice, 15 were dead before 650 days. Thus the 8 WW® mice which 
received 200 r whole-body radiation, followed by implantation of isol- 
ogous ww embryo hematopoietic tissue, showed a tendency to live longer 
than the irradiated WW’ controls, irradiated WW° mice injected with 
isologous anemic embryo hematopoietic tissue, or untreated WW’ mice. 


DISCUSSION 


There are at least four reasons for current intense interest in trans- 
plantation of blood-forming tissues: First in time of discovery was the 
demonstration, through nature’s experiment with twin calves, that blood- 
forming tissue of two distinct genotypes can function permanently and 
compatibly in a single individual, provided the initial combination is 
made under favorable conditions (in twin calves, through anastomosis 
of fetal circulations) (10). An important application of transplants of 
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blood-forming tissue is as a protection against the lethal effect of extremely 
heavy irradiation, and in this connection there is evidence of the effective- 
ness of heterologous (6, 11), homologous (4, 5, 7-12), and isologous (13, 11) 
implants. Another area of interest is the capacity of previously injected 
homologous blood-forming tissue to promote acceptance of other tissue 
implants from the same (/4) or a related (11) homologous source. Still 
another potential application is the use of implanted normal blood-forming 
tissue in the treatment of hereditary anemia (3, 15). Although the 
present report contributes largely to this fourth area of interest, by 
demonstrating true permanence of ww normal blood-forming tissue in 
histocompatible WW’ genetically anemic hosts, it may have some interest 
in relation to other attributes of transplanted blood-forming tissue. 
Certainly, findings connected with these other attributes are of importance 
in interpreting results of the present experiments. 

Most of the characteristics of blood and its precursors, by which 
persistence of implanted blood-forming tissues has been directly judged, 
have been available only in homologous or heterologous implantation. 
In instances to be cited in this connection, the recipients had received a 
lethal radiation dose, and their continued existence was strong conditional 
evidence for at least short-term functioning of the injected blood-forming 
cells. The more critical question is how long this implanted tissue con- 
tinued to function. The elegant cytological identification of persisting 
implants by Ford et al. (5) involved chromosomal translocations in stocks 
not of the same inbred strain as the host animals, hence homologous 
implants. The histological evidence of Nowell et al. (6) was in a heterol- 
ogous transplant situation. The detection of Lindsley et al. (4) of per- 
sisting implants of blood-forming tissue by antigenic differences between 
erythrocytes from two rat genotypes also involved homologous trans- 
plantation. Serological tests were also used by Urso, Congdon, and 
Owen (13) to identify donor-versus-host source of erythrocytes after 
implantation of homologous blood-forming cells in heavily irradiated 
hosts. In addition to these direct tests of persistence of implanted 
homologous and heterologous blood-forming tissue, there is one report 
achieving the more difficult task of demonstrating the persistence of pure 
strain tissue in F, hybrid hosts, by determination of serotype combined 
with electrophoretic identification of hemoglobin (16). With still other 
blood characters (hematocrit and mean cell volume) as an index, the 
present report gives further direct evidence of pure strain tissue implanted 
successfully in F; hybrid hosts, with very long persistence and geno- 
typically autonomous functioning of normal blood-forming tissue from 
embryos in genetically anemic F, hybrid hosts. 

Immunological relations of host and donor, combined with particular 
dose of radiation used, may have been very important for the marked 
success of these hematopoietic implants. Unless W-genes (specifically, 
ww) have an antigenic effect in this system, these WW’ hosts had no 
immunological basis for rejecting the implanted cells from a parental 
inbred strain. An antigenic effect of ww is improbable, since other tissue 
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y transplants, gonads (17) and skin (18), between nonirradiated animals 
- differing only in W-genes have been very successful. It is clear that the 
WW’ hosts subjected to 200 r whole-body irradiation were capable of 
l reacting against foreign-tissue implants, since previously reported at- 
tempts to implant homologous (C3H) cells into exactly comparable 
| irradiated WW’ hosts were completely unsuccessful (3), with 2 of 6 hosts 
dying between 18 and 27 days after irradiation and fetal liver injection. 
This finding is similar to the grafted marrow rejection (19, 20) observed 
by others, particularly following sublethal irradiation of normal hosts. 
However, in the cases reported here, in which parental strain tissue was 
used, there was no rejection of the implanted fetal liver. 

If there were to be any immunological difficulty in the history of the 
blood-forming tissue implants reported in the present paper, it would 
have to arise from a graft (C57BL) reaction against the foreign (WC or 
WK) antigens of the F, hybrid host. These inbred strains are known to 
carry H-2 alleles different from the H-2° found in the C57BL donors (2/), 
and alleles at this locus have been demonstrated to have great importance 
in graft-host relations (12, 22). “Homologous disease,” attributed to 
graft-versus-host reaction, has often led to death 1 to 3 months after an 
initially successful implantation of blood-forming tissue, which is either 
homologous to the recipient (1/1) or is from an inbred strain into an F, 
hybrid recipient (23, 24). In these instances the dose of radiation re- 
ceived by the host has been either lethal or high sublethal. However, 
Main and Prehn (14), using donors (BALB/c) homologous to the recipients 
(DBA/2), but with the same H-2 allele, reported several experiments 
involving injections of blood-forming tissue followed by skin transplants. 
In these experiments the radiation dose varied over a wide range, including 
doses (100 r, 300 r) comparable to that in the present study. There was 
no suggestion of homologous implantation following 100 r radiation. 
Following 300 r and 600 r host radiation, there was no evidence of homol- 
ogous disease, and 47 of 48 hosts survived more than 4 months. Although 
no direct indication was given (from studies of red cells) of the continuing 

5 presence of homologous erythropoietic tissue after injection into hosts 
receiving these intermediate doses, persistence or at least the continuing 
effect of some injected tissue is implied by the fate of BALB/c skin grafts, 
which were permanent in 7 of 24 instances after 300 r host radiation, and 
in 22 of 23 instances after 600 r host radiation. Thus there is conditional 
evidence from transplants between normal donors and midlethally irra- 
diated hosts, which suggests that at least under certain conditions it is 
possible for injected blood-forming tissue to persist in a host carrying 
foreign histocompatibility factors, without harming that host. This 
appears to be the situation as regards erythropoietic tissue in at least 7 of 
the 8 F, hybrid WW’ hosts subjected to 200 r radiation followed by 
implantation of parental strain blood-forming tissue. As has already 
been reported (3), 1 of the 8, which had given hematological evidence of 
successful implantation, died between 75 and 105 days after treatment. 
This could possibly be regarded, from the initial success of the implant 
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and the time of death, as homologous disease, though there is no record 
of symptoms characteristic of this reaction (11). The other 7, whose 
subsequent history is presented in this paper, showed no evidence of 
immunological reaction, and survived for very long periods. 

Results obtained by others suggest that the tissue source of these 
implanted cells may also have contributed to their long-term success. In 
other recent studies, the source has most commonly been bone marrow of 
adults or spleen of newborns, though fetal liver has also been used (13, 
25-27). Fetal liver, particularly from early stages (27) similar to that 
used in the present study, gives less indication than other tissues of graft- 
versus-host reaction, possibly because the fetal liver contains fewer cells 
capable of producing antibodies or of giving rise to antibody-producing 
cells than either the newborn spleen or the adult bone marrow. When 
the present experiments were initiated in 1956, the only known reasons 
for selecting fetal liver as tissue source were the possibilities of testing 
thereby whether or not hematopoietic cells from this early stage would be 
genotypically autonomous in behavior subsequent to transplantation into 
a genotypically different environment, and of testing whether or not 15- 
day-old fetal liver was already marked with its tissue antigens, so that 
homologous cells would be rejected by the host. The subsequent finding 
by others that use of fetal liver implants rather than bone marrow reduces 
incidence of graft-versus-host reaction is an unforeseen circumstance 
contributing to the long-term success reported here. ; 

Two additional factors, not present in experiments by other investi- 
gators, probably have also contributed to the success of these implants: 
(1) A competitive advantage is conferred on implanted ww blood-forming 
cells by a maturation rate more rapid than that of the host’s erythropoietic 
system, as observed in earlier studies (3). Extensive investigations of the 
W-series anemias have given histological evidence from fetuses, newborns, 
and adults (28), and biochemical evidence from adults (1, 29) of maturation 
arrest in hematopoiesis in the severely anemic genotypes. Such arrest 
also seems the most probable explanation of their special radiosensitivity. 

(2) The implanted normal cells, though initially few in number, have a 
high proliferative capacity, and, since they encounter little opposition from 
the depleted host, soon dominate the peripheral blood picture with their 
output of normocytic, normochromic erythrocytes. It should be empha- 
sized, however, that the dose of X rays used in these studies (200 r), while 
destroying large numbers of erythropoietic elements, does not destroy the 
host’s ability to reject homografts (21). 

The importance of genetically determined proliferative capacity of 
implanted fetal hematopoietic cells is clearly demonstrated by the fate of 
WW* hosts subjected to 200 r radiation followed by injection of fetal liver 
cells from genetically anemic embryos. The age of the donors was the 
same as that of normal donors previously used (15 days’ gestation), and 
the immunological relation was either very similar to that in the normal 
donor experiments (WW fetal liver from the other parental strain into 
the same F, hybrid WW’ host) or even more favorable (WW® F, hybrid 
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into identical WW’ F, hybrid). These genetically deficient implants pro- 
vided no protection to the irradiated anemic recipients, 4 of the 9 dying as 
a result of irradiation plus implantation (21-190 days after treatment) 
and none showing an improved blood picture. 

These data also suggest that the genotype of functioning blood-forming 
tissue may be important in determining longevity of the whole organism. 
Further investigations comparing the longevity of untreated mice differing 
only in W-series genes would be very pertinent. W-series genes, however, 
are known from other studies (1) to have a pleiotropic effect in several 
tissues, and this might also contribute to any differences observed in life- 
spans of animals differing in W-genotype. To evaluate the effect on life- 
span, attributable specifically to the W-genotype of functioning blood- 
forming tissue, more experiments would be in order, to test longevity of 
hosts, nonirradiated if possible, after implantation of blood-forming tissue 
from donors of different W-genotype. 
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Mammary Carcinogenesis by 3-Methylcholan- 
I. Hormonal Aspects in Tumor In- 


duction and Growth ! 


THOMAS L. DAO and HENRY SUNDERLAND,’ Ros- 
well Park Memorial Institute, Buffalo, New York 


SUMMARY 


Our experiments confirm the observa- 
tion of Huggins and associates that 
3-methylcholanthrene rapidly induces 
mammary carcinoma in rats. In addi- 
tion, we demonstrate that pregnancy 
promotes the growth rate of tumors 
and that regression of cancer occurs 
after parturition. Regression of tumor 
after parturition is independent of lac- 
tation, because retardation of growth 
occurs in rats when lactation is sup- 
pressed and when lactation has never 
occurred. The failure to induce mam- 
mary cancer in male rats suggests that 
estrogens are important in mammary 
carcinogenesis induced by 3-methyl- 
cholanthrene. 
that increased progesterone stimula- 


Furthermore, it seems 


tion constitutes an essential factor in 


the rapid induction of tumors during 
pregnancy since pseudopregnancy pro- 
duces similar effects. The failure to 
enhance tumor production in rats fed 
3-methylcholanthrene during  preg- 
nancy suggests that an initiating proc- 
ess for the induction of “latent tumor 
cells’? by the carcinogen is necessary. 
The increased hormone production in 
pregnancy is inconsequential to tumor 
production in the absence of a prior 
initiating process provided by the car- 
cinogen. The data seem to indicate 
that if pregnancy occurs before the ad- 
ministration of 3-methylcholanthrene 
it retards the induction of mammary 
tumors. In mammary carcinogenesis 
in rats, hormones regulate the promot- 
ing process by 3-methylcholanthrene.— 
J. Nat. Cancer Inst. 23: 567-585, 1959. 


THIS PAPER is concerned with the study of the effect of pregnancy, 
parturition, lactation, and pseudopregnancy on the induction and growth 


of mammary cancer in rats. 


Our experiments elucidated some of the 


hormonal factors involved in the rapid induction of mammary cancer 
during pregnancy. Furthermore, the results indicate a “two-stage” 
mechanism in mammary carcinogenesis induced by 3-methylcholanthrene; 
an initiating process provided by the carcinogen and an activating process 


regulated by hormones. 


Chemical carcinogens, such as 3-methylcholanthrene, 2-acetylamino- 
fluorene,* and 9,10-dimethyl-1,2-benzanthracene,? induce mammary tu- 


mors in some strains of mice and rats (1-6). 


' Received for publication March 5, 1959. 


Englebreth-Holm (7) ob- 


? The authors wish to acknowledge the technical assistance of Miss Mary Greiner. 
’ Chemical Abstracts’ nomenclature: N-2-fluorenylacetamide; 7,12-dimethylbenz|aJanthracene. 
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served that when 3-methylcholanthrene was painted on the skin of mice 
mammary tumors occurred in high incidence only in the females. Biels- 
chowsky (4, 8) found that the ovaries were important in accelerating the 
development of mammary cancer in rats fed a ration containing 2- 
acetylaminofluorene, since oophorectomy decreased the incidence of 
tumors. Similar observations were made by Shay and associates (9, 10) 
in mammary adenocarcinoma that was induced in Wistar rats after intra- 
gastric instillation of methylcholanthrene. Recently, Huggins et al. (11) re- 
ported a method for the rapid induction of mammary cancer inrats. These 
authors also presented evidence that the induced breast cancers were 
hormone-dependent. 


MATERIALS AND METHODS 


In all experiments, either 35-day-old immature or 50- to 55-day-old 
mature Sprague-Dawley albino rats were used. The animals were con- 
sidered sexually mature when opening of the vagina and the estrous cycle 
were established. Each group consisted of 10 animals. 3-Methyl- 
cholanthrene, dissolved in sesame oil in a concentration of 10 mg. per ml., 
was fed daily, 6 days a week, through a stomach tube—a firm rubber (#10 
F) catheter, 5 to 6 cm. long, attached to the adapter of asyringe. Through- 
out this paper, dosage refers to the amount of 3-methylcholanthrene given 
each day. 

The rats were examined at frequent intervals for palpable tumors. We 
defined “latent period of tumor appearance”’ as the time interval from the 
first feeding with 3-methylcholanthrene to the detection of the first pal- 
pable tumor. These tumors were measured by a caliper in the two great- 
est diameters, from which the mean value for each tumor was calculated. 

In experiments on the effect of pregnancy on mammary-tumor induc- 
tion, all rats were fed 3-methylcholanthrene for 20 days. At the end of 
this period, the rats were kept in a quiet room, vaginal smears were taken 
daily for 3 days, and the animals were mated on the 4th day. 

In another experiment on induction of mammary cancer in pregnant 
rats, 50- to 55-day-old mature females were mated with males and preg- 
nancy was ascertained. 3-Methyi holanthrene, at a dose level of 10 mg., 
was fed to the pregnant rats for various periods during pregnancy. 

In studies on the effect of lactation on tumor regression, experiments 
were done in three ways: (1) The fetuses were removed by cesarean sec- 
tion near the end of pregnancy. (2) The newborn rats were suckled by 
their mothers from 1 to 6 days and then removed. (3) The newborn rats 
were suckled by their mothers for 21 days and then weaned. 

Pseudopregnancy was produced by mating with vasectomized male 
rats. Vaginal smears were studied in all these animals before and after 
sterile mating. 

In the experiments on the effect of oophorectomy and hypophysectomy 
on tumor regression, all rats were fed 10 mg. of 3-methylcholanthrene daily 
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for 20 days. After the tumors appeared, their growth rate was observed 
for 20 to 25 days. At the end of this period, one group was subjected to 
oophorectomy and the other to hypophysectomy. 

Rats were killed when they appeared ill, or when the tumors became so 
large that they ulcerated and bled. At time of necropsy, all tumors, 
adrenals, ovaries, uteri, pituitaries, and spleens were removed and weighed. 
Histologic sections were prepared for all tumors and organs that showed 
gross pathologic alterations. 


RESULTS 


Pathology of 3-Methylcholanthrene-Induced Tumors 


Mammary tumors were the only type observed in these carcinogen-fed 
rats. These tumors were grossly nodular, and were found in areas where 
there is normally breast tissue, namely, the axillary and abdomino-inguinal 
regions. Occasionally, tumors also developed in cervical regions. Central 
necrosis and hemorrhage occurred when the tumors became large. 

Of 189 histologic sections of the tumors, removed either by biopsy or at 
necropsy, carcinoma was the only histologic type found. The tumors 
were highly cellular and contained acini lined with two or three layers of 
epithelial cells forming glandular structures. The lumina of many of 
these glandular structures were filled with eosinophilic-staining materials 
(fig. 1). 

In tumors removed from animals during lactation, fat droplets were 
seen in the lumina of many ducts, when the sections were stained with 
Sudan IV. Sections of tumors from the control animals did not show any 
fat droplets in the ducts when stained with Sudan IV. 

The mammary tumors decreased in size after oophorectomy or hypo- 
physectomy and showed thereafter a characteristic change in histologic 
appearance. The many layers of tall epithelial cells of the tumors under 
regression had been replaced by a single layer of flattened cuboidal cells. 
The tumor acini shrank and the cells appeared more compact than in the 
glandular structures (fig. 2). 

The carcinogen-induced tumors in oophorectomized rats differed mor- 
phologically from those elicited in the intact rats. The histology of these 
tumors of the spayed rats was in some aspects similar to that observed in 
mammary tumors following oophorectomy. Although the glandular 
structures were present, the majority of the acini was lined with only one 
layer of flat cells (fig. 3). 

The cytologic appearance of tumors that developed in 2 orchiectomized 
male rats showed considerable resemblance to that of tumors induced in 
oophorectomized rats. 

Distant metastases of induced mammary tumors were not found in all 
the rats examined at necropsy. Large tumors which developed necrosis 
and hemorrhage were the main cause of death of the experimental animals. 
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Effect of Total Doses of Carcinogen on Tumor Incidence in 35-Day-Old 
Female Rats 


The results shown in table 1 indicate that when 10 mg. of 3-methy]l- 
cholanthrene was given for 20 days mammary tumors developed in 45 
percent of the animals, and the remaining 55 percent were free from 
tumors at 5 months. However, if the carcinogen was administered for 
60 days, the same daily dose of 3-methylcholanthrene elicited mammary 
cancer in all rats in 50 to 92 days—the latent period of tumor appearance 
being the same as that of the group fed carcinogen for only 20 days. 


TaBLeE 1.—Effect of pregnancy and pseudopregnancy on induction of mammary 











tumors* 
Appearance of palpable 
Time of ad- Number of tumors (days) 
Number ministration rats with 
Group of rats (days) tumors Range Median Mean 
I i 6 i xcdcaconcee 20 20 9 58-97 72 76 
Rs as dig eget 9 60 9 50-92 72 75 
Pregnancy......... 26 20 23 35-50 40 41 
Pseudopregnancy.. . 13 20 12 49-70 53 55 





*Immature, 35-day-old female, Sprague-Dawley albino rats were given 10 mg. of 3-methylcholanthrene daily, 
by intragastric instillation. 


Female Mature Rats 50 to 55 Days Old 


When 10 mg. of 3-methylcholanthrene was administered for 6 days, 
2 rats developed tumors at the end of 3 months. If the same dose of 
carcinogen was continued for 15 days, more rats developed tumors. When 
the same daily dose of carcinogen was given for 20 days, mammary cancer 
developed slowly and the incidence was 100 percent at 5 months. Doses 
of 10 mg. evoked mammary cancer in all rats treated for 60 days—the 
rate of tumor development being the same as that in the group fed with 
3-methylcholanthrene for only 15 and 20 days (table 2). 


TaBLE 2.—Effect of pregnancy and duration of administration of 3-methylcholanthrene 
on induction of mammary tumors* 





Appearance of palpable 








Time of ad- Number of tumors (days) 
Number ministration rats with 
Group of rats (days) tumors Range Median Mean 
.., ae 10 6 2 65, 75 — — 
See 10 15 6 52-65 53 54 
SE ee 20 20 20 46-119 60 72 
ee 10 60 10 47-78 67 62 
Pregnancyf........ 8 6 4 34-49 40 40 
Pregnancyf........ 9 15 9 35-50 40 41 
Pregnancy......... 5 20 4 38-44 40 41 





*Mature, 50-day-old female, Sprague-Dawley albino rats were given 10 mg. of 3-methylcholanthrene daily, 
by intragastric instillation. 
tT hese groups were observed for 3 months. The remaining groups were observed for 5 months. 
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ld Effect of Pregnancy 


Pregnancy shortened the latent period of tumor appearance in both 
2 age groups. While the tumor incidence in the control group fed with 
3-methylcholanthrene for 20 days was 45 percent, pregnancy caused a 
definite increase of tumor incidence to 89 percent in animals that received 
an equivalent amount of carcinogen (table 1). Administration of 10 mg. 
of carcinogen daily for 6 days increased the tumor incidence from 20 to 
50 percent, while administration for 15 days increased tumor incidence 
from 60 to 100 percent (table 1). It was interesting to note that the 
latent period of tumor appearance was practically the same in all preg- 
nancy groups, irrespective of the total dose of carcinogen given. 
The growth rate of the tumor often was rapid during pregnancy and 
’ multiple tumors were constantly found as shown in text-figure 1. 
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S, TExT-FIGURE 1.—Growth curves showing 6 tumors which developed in different regions 
if during the course of pregnancy of a 35-day-old female rat fed with 3-methyl- 
cholanthrene for 20 days. Each tumor progressed rapidly during pregnancy, but 
all tumors decreased in size after parturition. Two tumors disappeared. Four 
or tumors regained their growth after 37 days of regression and were totally excised. 
S A recurrence of tumors was observed during a second gestation. The tumor size 
e in cm. is expressed as the mean of two greatest diameters. 


Effect of Parturition 


The tumors decreased rapidly in size following parturition, as shown in 

- ‘ both text-figures 1 and 2. 

: This phenomenon has been observed in all animals in our experiments, 

- ; although the duration of tumor regression varied. We have not yet 
‘| found a single instance in which a tumor failed to regress after parturition. 

i In many instances, when the tumors were small, they often disappeared 

after parturition. 





a GI ga 


Induction of Mammary Cancer During Pregnancy 


- ; In this experiment, 10 mg. of 3-methylcholanthrene daily was given to 
ry a four groups of pregnant animals. Groups I and II received the daily 
dose for 6 days; group III, for 10 days; and group IV, for 12 days. Four 
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DAYS 
Text-FiGuRE 2.—Two tumors developed during pregnancy in a 35-day-old female rat 
fed with 3-methylcholanthrene for 20 days before the onset of pregnancy. The 
tumor regressed rapidly following parturition. During a second pregnancy, a rapid 
increase of tumor size was noted. The tumor size in cm. is expressed as the mean 
of two greatest diameters. 


out of 19 pregnant rats in group I developed tumors after a mean latent 
period of 123 days. Animals in the remaining groups failed to develop 
tumors at the end of 3 months (table 3). 


TABLE 3.—Induction of mammary cancer in pregnant rats* 





Appearance of palpable 
Time of Number of tumor (days) 
Number of administration rats with 
Group rats (days) tumors Range Mean 


It 19 6 4 92-150 123 
Il t¢ 10 6 _ 
III tf 6 10 — _— 
IVt 4 12 — 











*Ten mg. of methylcholanthrene was given daily to rats during pregnancy. 
tAnimals were observed for 5 months. 
tAnimals were observed for 3 months. 


Effect of Repeated Pregnancies 


Five rats with induced mammary carcinoma that had previously been 
pregnant were mated again, without further treatment with the carcino- 
gen, and all became pregnant. Tumors which had regressed and become 
nonmeasurable after parturition in the previous pregnancy grew rapidly 
again during the second pregnancy. It was interesting to note that the 
growth rate of these tumors often exceeded that of the first pregnancy, as 
shown in text-figure 2. Parturition again caused regression of all these 
tumors. 


Effect of Pseudopregnancy 


The status of pseudopregnancy was ascertained by vaginal smears. 
When diestrus was prolonged after sterile mating, the animals were con- 
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sidered pseudopregnant. In 20 animals which were mated with vasec- 
tomized males, 13 became pseudopregnant. Among 13 pseudopregnant 
rats, 12 developed tumors—the latent period of tumor appearance being 
shorter than that of the controls (table 1). One important finding was 
that the tumor growth rate was slower than in pregnant rats, and that 
tumor growth was retarded after a period of 5 to 9 days, as shown in 
text-figure 3. This phenomenon was observed in all 12 animals which 
developed tumors. 
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Text-FicuRE 3.—Growth curves of tumors in 3 rats. Rates of tumor growth in an 
intact, pregnant, and pseudopregnant rat are compared. Note retardation of tumor 
growth after 9 days in a pseudopregnant rat. 


Effect of Lactation 


In this experiment, tumor regression occurred in all animals whether 
lactation continued for a normal period or was suppressed by the limited 
feeding of the newborn rats. In the group in which cesarean sections 
were performed near the end of pregnancy, rapid tumor regression was 
again observed, even though lactation had never occurred. The duration 
of tumor regression varied, the longest being 69 days. There was no 
significant difference in the duration of regression in all 3 groups, though 
the regression period was somewhat shorter in the group in which cesarean 
sections were performed (table 4). 


Effect of Oophorectomy and Hypophysectomy 


In this experiment, 35-day-old immature female rats were fed 10 mg. 
of 3-methylcholanthrene daily for 20 days. Tumors developed in all 20 
animals, with a latent period between 60 and 120 days. Oophorectomy 
was performed in 10 rats with 3-methylcholanthrene-induced tumors. 
Regression of tumors was observed in all 10 animals after the removal of 
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TaBLe 4,—Effect of lactation on regression of mammary tumors in rats which had 
been pregnant 





Number of 
rats with Duration of tumor 
tumor re- regression (days) 
Duration gression 
Number of feeding after 
of rats (days) delivery Range Median Mean 





Group 





Control* 21 10 5-69 38 42 
Limited-fed f........ 1-6 8 30-64 36 40 
Cesarean section .... 6 0 6 11-47 21 28 





*Newborn rats were suckled by mothers for 21 days and then weaned. 
t Newborn rats were suckled by mothers for 1 to 6 days and then removed. 


the ovaries, as shown in text-figure 4. The duration of tumor regression 
varied. In 3 rats, regression of tumors continued for 2 months after 
oophorectomy. The shortest duration of regression observed in 1 rat 
was 10 days. 
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Text-ricure 4.—Three tumors induced in a rat by 3-methylcholanthrene. All 
regressed after oophorectomy. 


In the group in which hypophysectomy was performed, only 6 rats 
survived the operation. All the tumors in the surviving 6 rats decreased 
in size. The duration of regression in 6 rats varied, the longest being 50 
days and the shortest 15 days. 

Induction of mammary cancer in castrated and hypophysectomized 
rats.—The hormonal status of female rats influences the induction of mam- 
mary cancer by 3-methylcholanthrene. Removal of the ovaries before 
the carcinogen is given decreased the incidence of tumors, but did not 
prevent tumor formation (table 5). Because of the small number of 
animals, an interpretation of the influence of age at castration on tumor 
induction cannot be attempted. It appears that rats castrated at the 
age of 35 days were more susceptible to tumor induction than those 
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TextT-FIGURE 5.—After hypophysectomy, a decrease in size of two established mam- 
mary tumors induced by 3-methylcholanthrene in a rat is shown. Note that one 
tumor regained growth and the other continued to regress at the end of 32 days; 
the right axilla (RAX) and left axilla (LAX) locations of two breast tumors. 





castrated later. Prolonged administration of 3-methylcholanthrene be- 
yond 15 days in hypophysectomized rats caused mortality in 100 percent 
of the animals so treated. When hypophysectomized rats were fed 
3-methylcholanthrene for 15 days, tumor induction was not observed. 


TaBLe 5.—Induction of mammary cancer in castrated and hypophysectomized rats* 





Age of 
castration Appearance of palpable 
or Time of Number tumors (days) 
hypophy- Num- adminis- of rats 
sectomy berof tration with 
(days) rats (days) tumors Range Median Mean 


Intact t 10 60 49-98 62 
Castrated 6 60 58-90 72 
13 20 41-120 60 

Castrated 7 20 50-68 —_ 
6 60 47-75 69 

Castrated 8 60 75-135 — 
Hypophysectomized§. . 50 12 15 — — 














*Ten mg. of 3-methylcholanthrene administered daily for various periods by gastric intubation. Animals 
were observed for 6 months. 

+35 Day-old-rats. 

$50 Day-old-rats. 

§20 Hypophysectomized rats fed 3-methylcholanthrene for 15 days; only 12 survived. 


Induction of Mammary Cancer in Male Rats 


Administration of 10 mg. of 3-methylcholanthrene daily to intact and 
castrated rats for 20, 35, and 50 days induced mammary cancer in 2 
castrated animals. One of the 2 animals had been fed the carcinogen for 
35 days; the other, for 50 days. The latent period of tumor appearance 
was 59 and 60 days. Mammary tumors had not been found in the intact 
males at the end of 5 months. Hypophysectomized male rats were given 
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the daily dose of carcinogen for 15 days. Fifteen of 30 hypophysectomized 
male rats survived the 15-day feeding of carcinogen, but none had de- 
veloped mammary tumors at the end of 5 months. 


Physiological Effect of 3-Methylcholanthrene Administered Orally 


Two groups of rats were fed 10 mg. of 3-methylcholanthrene daily for 
10 and 20 days and suffered no decrease of total-body weight, as compared 
to a group fed 1 ml. of sesame oil daily for 20 days. Rats fed the car- 
cinogen often lost their appetite within 3 to 4 days but regained it in a 
few days, even though they were still receiving the carcinogen. However, 
when 30- to 35-day-old rats were fed 3-methylcholanthrene for more than 
10 days, there was a mortality of 10 to 15 percent. When hypophy- 
sectomized rats were fed the carcinogen for 15 days, the mortality was 
30 to 50 percent, and if fed more than 15 days, the mortality was 100 
percent. 

3-Methylcholanthrene administered to rats for 10 and 20 days did not 
cause any decrease in the weight of the pituitary, ovaries, adrenals, and 
uterus. There was a significant increase of uterine weight in rats fed 
3-methylcholanthrene for 10 days (table 6). The oral administration of 
3-methylcholanthrene did not cause suppression of the estrous cycle. In 
a group of 30 rats, vaginal smears were studied daily during the period 
that the animals were fed 3-methylcholanthrene. The estrous cycle in 
each rat was regular. 3-Methylcholanthrene-treated- rats could be 
mated successfully. Administration of 3-methylcholanthrene during 
pregnancy did not cause any miscarriages; however, the percentage of 
stillbirths was very high (20 to 30%) when the carcinogen was fed to the 
pregnant mother for more than 10 days. 

Among 330 newborn rats, 203 survived weaning. In these 203 rats, 
we observed 2 male dwarfs (fig. 4). One of the dwarfs weighed 37 gm. 
at 50 days as compared to 185 gm. for his siblings. This dwarf died at 
day 52. The other dwarf weighed 86 gm. on day 90, compared to a 
weight of 250 gm. for his siblings, and died on day 92. No necropsy 
was performed. 

Although the weight of the spleen in 3-methylcholanthrene-treated 
rats in this series did not show any significant difference from the control 
group that was treated with sesame oil, prolonged administration of 
3-methylcholanthrene resulted in a gradual weight increase of the spleen. 
In a recent experiment, we found markedly enlarged spleens (1064 to 
3000 mg.) in 4 rats with 3-methylcholanthrene-induced mammary tumors. 
All rats in that experiment were fed 3-methylcholanthrene for 20 days. 
Prolonged administration of 3-methylcholanthrene has a toxic effect on 
bone marrow. Shay et al. (12) reported the development of malignant 
lymphoma in rats which were suckled by mothers receiving methy]l- 
cholanthrene. Whether these markedly enlarged spleens resulted from 
the development of lymphoma or were mere manifestations of toxic 
effects on the bone marrow have not yet been ascertained and are being 
studied. 
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DISCUSSION 


Our experiments have confirmed the observation that mammary 
cancer in rats can be successfully induced by intragastric instillation of 
3-methylcholanthrene (9, 11). That these tumors grow rapidly during 
pregnancy and regress following parturition is evidence that they are 
hormone-dependent. Foulds (13) reported earlier that two thirds of the 
mammary tumors in hybrid mice were hormone-responsive, as they grew 
during pregnancy and regressed after parturition. Studies of the develop- 
ment of mammary cancer in strains of mice without the milk factor 
showed that mammary cancer developed almost entirely in mice that 
had been pregnant. Virgin females had no tumors, or only a few (14). 
It is an established fact that a well-developed mammary gland is con- 
ditional for the occurrence of mammary cancer. The most active 
mammary growth occurs during pregnancy, since the hormonal produc- 
tion during that period greatly exceeds that of nonpregnant animals. 
It seems certain, therefore, that the exaggerated hormone elaboration 
from the ovaries, placenta, adrenals, and pituitary during pregnancy 
constitute the major contributing factor for the rapid induction and 
growth of mammary cancer in rats. 

Progesterone appears to be the essential hormone in mammary car- 
cinogenesis induced by 3-methylcholanthrene during the early phase of 
pregnancy. In some animal species, such as rats, rabbits, and cats, 
gestation commences as a pseudopregnancy before implantation; the 
presence of an embryo is immaterial for the development of preg- 
nancy changes. The most prominent change during pseudopregnancy is 
an unusually prolonged structural and functional persistence of corpus 
luteum (15). The functioning corpus luteum produces progesterone. 
Moreover, our results from the experiments with pseudopregnancy have 
clearly indicated that pseudopregnancy enhanced the development of 
mammary cancer in carcinogen-fed rats with an incidence similar to that 
found in the pregnant rats. 

Cantarow et al. (16) observed that when progesterone was administered 
simultaneously to female rats fed a diet containing 2-acetylaminofluorene 
the incidence of mammary tumors (30 to 85%) and the rate of growth of 
mammary cancer was greatly enhanced. These authors raised the 
question whether progesterone rather than estrogen might be the limiting 
hormonal factor in the genesis of mammary cancer, since there was a 
lack of a tumor-stimulating effect of estrogen. Huggins and associates 
(11) demonstrated that progesterone accelerated the induction of mam- 
mary cancer; the most rapid development of cancer of the breast in rats 
fed with 3-methylcholanthrene occurred in animals injected concurrently 
with large doses of progesterone. Jull (17) showed that continued pro- 
gesterone stimulation was essential in order to elicit mammary carcino- 
genesis by 20-methylcholanthrene. 

It must be noted, however, that in addition to progesterone, the placenta 
also produces estrogenic and chorionic hormones. These hormones 
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perhaps work synergistically with hormones from the hypophysis to 
affect the mammary growth during the second half of pregnancy. Our 
experiments demonstrated clearly that the tumors developed during 
pseudopregnancy grow at a slow rate and that a total arrest of tumor 
growth occurred after the termination of pseudopregnancy. In pregnancy 
the size of the tumor increased rapidly, especially at the latter stages. 
The importance of the placenta in the control of mammary-tumor growth 
in rats and mice during the second half of pregnancy has been abundantiy 
demonstrated by many authors (18-20). 

Earlier observations by Haddow indicated that pregnancy had no 
effect on spontaneous mammary cancer in high-cancer strain mice, but 
parturition and onset of lactation were not uncommonly followed by 
tumor retardation (21). Bielschowsky (8) later reported that in female 
albino rats bearing 2-acetylaminofluorene-induced tumors the tumors 
regressed during lactation. They suggested the probability of lactation 
as an important factor in tumor regression because in these animals the 
tumors resumed growth after weaning. Our data, however, presented 
definite evidence that regression of tumor was not associated with lac- 
tation, since the size of the tumors decreased in animals in which lactation 
was either suppressed or had never occurred. Furthermore, the duration 
of tumor regression did not show any significant difference in all three 
groups. Thus we postulate that regression of tumor after parturition is 
dependent on the rapid reduction of hormonal stimulation resulting from 
pregnancy. 

Huggins (11) pointed out that the induction of mammary cancer through 
intragastric administration of 3-methylcholanthrene is a function of the 
dose of the compound and favorable hormonal conditions in the recipients. 
Our data supports Huggins’ conclusion. In addition, the results indicate 
that there are two phases in mammary carcinogenesis in rats; the initiating 
phase, which is the transformation of normal cells to neoplastic cells by 
the action of a carcinogen, and the second phase, the activating stage at 
which time the tumor cells are converted into palpable tumors. The idea 
of a two-phase mechanism of carcinogenesis originated from the work of 
Friedewald and Rous (22) and later was substantiated by Berenblum 
and Shubik (23, 24) in their study of skin carcinogenesis in mice. Our 
data similarly demonstrated that augmentation of tumor induction in 
rats could be obtained by pregnancy following the administration of 3- 
methylcholanthrene. When 3-methylcholanthrene was fed to pregnant 
rats, however, acceleration of tumor production was not observed. In 
one group at the end of 5 months, only 4 rats developed tumors. This 
tumor incidence is comparable with that in the nonpregnant rats which 
received the same total dose of 3-methylcholanthrene (tables 2 and 3). 

Although this delayed tumor appearance cannot be readily explained, 
the results support strongly the postulation of the existence of “latent 
tumor cells’’ during the initiating process of carcinogenesis. Augmentation 
of tumor production can only be obtained when the transformation of the 
normal cells to neoplastic cells has been completed. When 3-methyl- 
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cholanthrene was administered to the pregnant rats, the exaggerated 
hormonal stimulation is inconsequential to the tumor development, since 
the “latent tumor cells” have not yet been induced. These results provide 
a striking confirmation of the concept of a “two-stage”? mechanism of 
carcinogenesis. 

Hall (25), in following the work of Bielschowsky (26), unequivocally 
demonstrated that tumor production in the thyroid gland could be 
obtained by the combined administration of 2-acetylaminofluorene and 
some goitrogenic agents. He found that augmentation of tumor induction 
only occurred when the goitrogenic agents were administered after the 
acetylaminofluorene. It must be noted that in these experiments both the 
initiating and the promoting agents were chemical substances. Gorbman, 
in his recent review on pituitary tumors in rodents (27), similarly sug- 
gested that in the induction of hypophyseal tumors, a ‘double stimulation” 
to the pituitary is necessary; one stimulus was provided by the removal of 
a hypophyseal target organ and the second was humoral. The results 
presented in this paper showed that the initiating process was a chemical 
one, but the second stage, the promoting process, was indeed physiological 
and from then on was independent of external chemical influences, an 
observation supported by the reappearance of tumors during a second 
pregnancy. 
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Puiate 40 


Ficure 1.—Mammary carcinoma which developed after feeding 10 mg. of 3-methyl- 
cholanthrene daily to an intact, 50-day-old female rat for 20 days. Necropsy was 
performed at 120 days. The tumor was cellular. The lumina of many glandular 
structures are filled with eosinophilic-staining materials. X 325 


Ficure 2.—Histologic picture of mammary cancer 20 days after oophorectomy. 
Tall epithelial cells are replaced by a single layer of flattened cuboidal cells. Tumor 
acini shrank and cells are more compact. X 225 





RNAL OF 


THE 


NATIONAL CANCER 


INSTITUTE, 


VOL. 2: 













584 DAO AND SUNDERLAND 





PLATE 41 q 


Ficure 3.— Mammary carcinoma which arose in an oophorectomized rat after feedin 


10 mg. of 3-methylcholanthrene daily for 20 days. Necropsy at 120 days.  No/ 
acini lined with single laver of flat epithelial cells. 225 
Pricgure 4 Difference of body size between dwarf and sibling, both male, at age 


85 days. 
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Growth Inhibition of Transplantable Mouse 
Lymphosarcoma by a Filtrate From Placental 


Lysates ' 
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NETT, M.D.,3 and BALDWIN G. LAMSON, M.D.,?. 4 
Lucille Scott Livingston Laboratories, North Holly- 
wood, California, and Departments of Radiology and 
Pathology, School of Medicine, University of California, 
Los Angeles, California 


SUMMARY 


The sterile autolysis of human pla- 
centa, under certain conditions, has 
reproducibly yielded a crude extract 
with tumor-growth-inhibiting prop- 
erties when assayed in strain A/He 
mice bearing established subcutaneous 
transplants of T4/CRGL lymphosar- 
coma. Lysates with significant anti- 
tumor properties were obtained when 


autolysis occurred at 40° to 55° C. in 
closed containers that were maintained 
under increased pressure of 25 pounds 
per square-inch gauge pressure. Lysis 
occurring at gauge pressures of 0, 15, 35, 
and 45 pounds per square inch did not 
yield significant antitumor activity. 
Lysis at 25-pounds pressure and 60° C. 
also failed to yield active extracts.—J. 


Nat. Cancer Inst. 23: 587-603, 1959. 


THE TREATMENT of spontaneous tumors of the dog and cat with a 


crude extract derived from autolyzed tissue has been reported (1). When 
tissue lysis was allowed to proceed in containers maintained at 25-pounds 
gauge pressure in the presence of microorganisms, extracts were obtained 
which possessed tumor-growth-inhibiting characteristics. In a series of 
20 dogs and 3 cats with a variety of neoplasms, some degree of tumor- 
growth inhibition was observed in 12 of 18 malignant tumors and in all 
5 of the benign tumors studied (1). Interpretation of these results is 
complicated by a degree of uncertainty about the exact prognosis of these 
tumors if the animals had remained untreated. Personal experience and 
the veterinary-medicine literature indicate that cancer in these species 
pursues a course similar to that observed in man. However, survival 
statistics pertaining to untreated cases of dog and cat neoplasms are not 
readily available, and these tumors are not, as yet, widely studied in 
cancer research laboratories. 

In the previous work, tumor-inhibiting extracts were obtained from 
lysed tissue only when some degree of growth of microorganisms also 
occurred in the chambers during lysis (1). The exact role of these micro- 


1 Received for publication May 8, 1959. 

? Lucille Scott Livingston Laboratories, North Hollywood, Calif. 

3 Departments of Radiology and Pathology, School of Medicine, University of California, Los Angeles, Calif. 

4 The authors are indebted to Dr. William L. Hewitt and Miss Rosalyn Deigh for the bacteriologic investiga- 
tions, and to Dr. W. J. Dixon and Mrs. Muriel Huggins for the statistical analysis of data. 
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organisms in the elaboration of tumor-inhibiting material was not clear, 
however, for the flora varied from container to container. 

Study of these and other problems and the demonstration of reproduci- 
bility of the method of preparation obviously would be expedited by the 
successful use of well-known bioassay techniques, with transplantable 
tumors of the inbred strain of mice. 

The present communication provides data bearing upon: (1) the 
reproducibility of the method of preparation of a lysate with tumor- 
growth-inhibiting properties as assayed in the strain A/He mouse with 
transplanted lymphosarcoma; (2) clarification of the nonessential role of 
microorganisms in the autolysis process; and (3) confirmation of the 
specific necessity of increased pressure during the autolysis for the produc- 
tion of an active antitumor filtrate. 


METHODS 


Preparation of lysate——Preparation of the lysates have, in general, 
followed the method previously described (1), with minor modifications. 
Freshly thawed, full-term human placenta was ground in a sterile meat 
grinder, with aseptic precautions, and 500 gm. placed in small, stainless 
steel chambers of 750 cc. capacity for autolysis. Sterile 0.9 percent sodium 
chloride, with sufficient penicillin, dihydrostreptomycin, and Chloro- 
mycetin to achieve the final concentrations listed in table 1, was then 
added to bring the fluid level to approximately 1.25 cm. from the brim of 
the container. After the preparation was thoroughly mixed the top of the 
container was sealed in place. Residual air was withdrawn by vacuum 
and the gauge pressure within the container was raised to the desired 
pressure by the introduction of compressed hydrogen gas or hydrogen gas 
and methyl mercaptan (table 1). Pressure regulation was then main- 
tained by manual adjustment of screw plungers, which altered the internal 
volume of the container. During autolysis, a gauge pressure of 25 
pounds per square inch was used in all instances, except when the pressure 
served as an independent variable. (See table 4A). 

The quantities of penicillin and dihydrostreptomycin added to the 
autolytic mixture were larger than previously used (1). In addition, 
Chloromycetin had been added. These larger quantities of antibiotics 
were used in order to study the possible role of microorganisms in the 
autolytic process and in concentrations designed to achieve maximal 
suppression of growth of fecal and air-borne organisms, which invariably 
contaminate placentas after vaginal delivery. 

In addition to the small pressure cells, described and illustrated in 
the preceding publication (1), there were 2 large, 36-liter stainless steel 
chambers equipped with automatic temperature and pressure controls and 
a mechanical mixing device. Lysates prepared in these larger chambers 
are indicated by a capital L following the lysate number in the tabulations 
of data. Twenty-five kilograms of recently thawed, twice-ground, full- 
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term human placenta and approximately 10 liters of sterile 0.85 percent 
sodium chloride filled these larger containers to within 2.0 cm. of the top, 
with asceptic precautions. After the addition of antibiotics to achieve 
the concentrations in table 1, the tissue mixture was thoroughly stirred, 
the chamber lid was sealed in place, and the residual air at the top of the 
autolytic space was withdrawn as completely as possible by application of 
vacuum. A gauge pressure of 25 pounds per square inch was then pro- 
duced within the sealed chamber by adding compressed hydrogen or 
hydrogen and methyl mercaptan, as indicated in table 1, through a gas 
induction fitting. The internal pressure was maintained at exactly 
25-pounds gauge pressure by the inflation or deflation of saline-filled 
rubber balloons, which were suspended from the lid and immersed in the 
incubation mixture. The interiors of the rubber balloons communicate 
by a separate closed system to a mechanically regulated compressed-air 
tank. This device prevented the introduction of air into the autolytic 
area while compressed air was being used to regulate the pressure by 
altering the internal volume of the container. 

The contents of both the large and small containers were then maintained 
at 40° to 43° C. in all instances, except in lysates A-62 through A-70 in 
which the temperature and pressure served as independent variables 
(tables 3A and 4A). The time of autolysis varied from 1 to 9.5 weeks 
(table 1). The contents were agitated several times daily for approxi- 
mately 1 minute during this period, but this procedure is no longer 
considered essential. When maximal contraction of the autolytic volume 
by screw plungers or by inflated bags was not adequate to maintain the 
desired pressure, additional specific compressed gas was added to the 
autolytic space. This was necessary during the production of 5 lysates 
(table 1). 

At the end of autolysis a sample was removed for bacteriologic studies. 
The semiliquid contents were clarified by filtration through coarse paper 
filters or centrifugation at 20,000 rpm for approximately 10 minutes. This 
clear filtrate was then passed through #St-3 sterilizing Seitz filter pads, 
and bottled for use. No preservative was added. The product was stored 
at room temperature or 47° C. until used. 

All known variables, except the temperature and pressure which were 
used in the preparation of the materials, are listed in table 1. The results 
of direct gram-stain smears and of cultures of undiluted lysate grown on 
blood agar, eosin methylene blue agar, Sabouraud’s agar, and thiogly- 
collate medium when the period of autolysis was completed are also 
included. Cultures were incubated at 37° C. and at room temperature 
for 10 days. The size of the preparation chamber used is indicated by 
(S)mall or (L)arge in column 1. 

Rationale for replacement of air by hydrogen gas during lysis.—It had 
previously been determined that lysates with antitumor properties were 
obtained only when bacterial growth occurred during the incubation 
process (1). No specific organism was necessary for the process, however, 
and the bacterial flora varied markedly from one container to another. 
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The organisms recovered from the lysates after an incubation period of 
several weeks were, nevertheless, invariably facultative anaerobes. It 
appeared possible that (1) autolysis in a chemically reduced environment 
was necessary for the formation of an antitumor substance, and (2) the 
role of bacteria in the process might be to contribute to a reduced chemical 
state through the metabolic utilization of free oxygen. 

To study this possibility, air was withdrawn, and 25-pounds gauge pres- 
sure was produced within the autolytic containers by adding compressed 
hydrogen gas, alone or with a small amount of added methyl mercaptan. 
High concentrations of antibiotics were used concurrently to achieve a 
maximal suppression of bacterial growth during the period of autolysis. 
Lysates prepared under these new conditions were generally either sterile 
at the termination of autolysis or contaminated with only a few viable 
organisms, as determined by direct smear and quantitative cultures at the 
conclusion of the lytic process (table 1). On two occasions a heavy 
growth of Streptococcus faecalis was recovered at the conclusion of the 
period of autolysis. Strong odors of putrefaction, which were character- 
istic of earlier lysates that were associated with heavy bacterial growth, 
did not develop under the conditions described here. 

Bioassay procedure.—Strain A/He mice (A/He/CRGL), weighing approxi- 
mately 20.0 gm. were originally obtained from the Cancer Research 
Genetics Laboratory of the University of California, Berkeley. Recently, 
this same mouse strain has been inbred in our own laboratory. A 0.1 cc- 
suspension of the T4 lymphosarcoma (CRGL-T4) was injected beneath 
the flank skin with a hypodermic needle. A small amount of penicillin 
and streptomycin was added to the tumor suspension to prevent tumor 
infections. After transplantation, tumors were allowed to become well 
established during a 10- to 14-day growth period prior to the assay proce- 
dure. Mice with approximately the same size tumors and total-body 
weight were pooled and, by random selection from a bin, assigned in 
rotation to the several experimental groups. After the groups were estab- 
lished, control and treated groups were designated by an independent 
observer not involved in the sorting process. All mice were then indi- 
vidually identified by ear punch. 

All injections of the lysate were given intraperitoneally with a 26-gauge 
needle, according to the dose schedule indicated in the experimental pro- 
tocols. Comparable quantities of either 0.85 percent sodium chloride or 
sterile, human placental blood were administered to the controls, as 
recorded. All tumors were measured daily with calipers in two dimen- 
sions at right angles. The product of these two measurements is recorded 
as tumor size (cm.”) in the tabulation of results. Experience has indicated 
that these area measurements numerically approximate actual tumor 
weights, when direct comparison with tumor weights obtained at sacrifice 
is made. The groups of mice were also weighed before therapy was com- 
menced and daily thereafter. In sacrifice studies carcasses and tumors 
were separately weighed. 

Carcass weights at the onset of the test period are estimates, obtained 


VOL. 23, NO. 3, SEPTEMBER 1959 





592 LIVINGSTON, BENNETT, AND LAMSON 


by subtracting the mean numerical figure for the pretreatment tumor size 
(cm.*) from the mean total-body weight of the group at the onset of the 
experiment. Comparisons of treated and control tumors, in experiments 
in which the animals were killed, are expressed as the quotient (T/C ratio) 
of the treated- and control-tumor weights. In tables 3A and 4A, T/C 
ratios are based upon daily, tumor-size measurements. 


RESULTS 


Reproducibility of Method for the Preparation of Lysates 


A series of assay results employing 7 consecutively prepared lysates is 
listed in table 2A. Duration of autolysis in these lysates varies from | 
week (A-37-S) to 9.5 weeks (A-46-S and A-53-L in table 1). The tumors 
from the first and third experiments of this series are illustrated in figures 
1 and 2. Mice in the first experiment received 0.25 cc. of lysate twice 
daily. All mice in the other experiments received a total of 2.0 cc. of 
lysate per day intraperitoneally in either 4 or 6 divided doses. Carcass 
weights (table 2B) show a moderate loss beyond that observed in controls 
in some of the experiments. However, in 2 of the 7 experiments in table 
2A, carcass-weight gain is recorded in the presence of T/C ratios of 0.34 
and 0.54 (table 2B). Lysate A-32-S yielded a T/C ratio of 0.24 with only 
a 1.0 percent weight loss, identical to that of the controls. The most 
favorable result was obtained with lysate A-46-L, which was administered 
in 6 doses every 4 hours throughout the day and night. The slight carcass- 
weight loss occurring in this latter experiment was less than that observed 
in the controls. This lysate is also 1 of 2 in this series that supported a 
heavy growth of bacteria during the period of autolysis (table 1). Mean 
values of the change in tumor size during the course of the assays are 
compared by the ¢ test. All 7 treated groups demonstrated a smaller 
mean increase in tumor size; the differences are significant at the 99 percent 
confidence level. 


Effect of Temperature of Autolysis on Bacterial Growth During 
Lysis and Antitumor Properties of Lysates 


Because of the indication that under suitable conditions microorganisms 
were not required for the production of lysates with antitumor properties, 
some lysates were prepared with the use of temperatures unfavorable to 
bacterial growth. Preparations A-62, A-69, and A-70, which were made at 
25-pounds pressure under hydrogen gas in small containers and at the 
higher temperatures at 47°, 55°, and 60° C., respectively, all were sterile 
at the conclusion of the 5-week lytic period (table 1). Assay results ob- 
tained with these lysates are given in table 3A. Seven mice in each group 
received 0.5 cc. 4 times a day intraperitoneally. There were no deaths. 
Final tumor weights were not obtained in this experiment so tumor meas- 
urements (cm.’) of treated and control mice were compared daily during 
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a 5'%-day period. ‘T/C ratios are also based on these caliper measurements. 
It is apparent that there is substantial suppression of tumor growth by 
lysates prepared at 47° and 55° C. The lysate prepared at 60° C. showed 
no significant suppressing effect (table 3B). With the 47° and 55° lysates 
the suppression of tumor growth is most evident during the first 2 days 
of the test, but the advantage gained in T/C ratio in this early period 
is then maintained for the duration of both experiments. The mean 
change in tumor size from days 0.0 to 5.5 during treatment with either 
the 47° or 55° lysates is significantly different at the 99 percent confidence 
level by Tukey’s Multiple Comparison Test, from the change observed in 
either the 60° experiment or the saline-treated controls (table 3B). This 
suppression of tumor growth by the 47° and 55° lysates is achieved during 
a 54-day period of total-body-weight gain of 1.6 gm. in both of these 
treated groups. This is the identical total-body-weight gain observed 
in the saline-treated tumor-bearing controls. Subtracting tumor from 
total-body weights (table 3A) to obtain carcass weights in this experiment, 
it is evident that carcass weights increased 1.1 and 0.8 gm. in the treated 
groups, in contrast to a carcass-weight decline of 2.2 gm. in the controls. 
Apparently, the tumor suppression observed cannot be assigned to a non- 
specific toxic effect manifested in the animals as a generalized weight loss. 
This statement is further supported by the influence of the 47° lysate 
upon the body weights of an additional control group of normal mice 
without tumors (line 5, table 3A). This additional group of non-tumor- 
bearing controls received the same dose schedule of A-62 lysate from the 


same bottles at the same time as the tumor-bearing mice. The essentially 
flat weight curve of this normal group is apparent. Although a 5 percent 
weight loss did occur during the first 2% days, recovery had occurred by 
day 3.5. Total-body-weight changes here are not sufficiently sustained 
to explain the tumor-growth suppression observed in the treated tumor- 
bearing animals at day 5.5. 


Effect of Incubation Pressure on Antitumor Properties of Lysates 


Previous studies utilizing lysates prepared under various conditions 
and assayed in the dog and cat indicated that a gauge pressure of 25 
pounds per square inch was essential for the attainment of antitumor- 
lysate activity (1). In order to confirm this requirement with controlled 
experiments in the mouse, the effect of increased pressure was tested as 
an independent variable. Six small containers were maintained at 47° C. 
while under 0, 15, 25, 35, or 45 pounds per square-inch gauge pressure, 
with hydrogen gas to replace air in the chambers. The assays of 
these lysates were conducted simultaneously with those in table 3A, 
and utilized the same control animals. Seven mice per group received 
2.0 cc. of lysate daily. There were no deaths. Results are again based 
upon daily tumor measurements in cm.’ (table 4A). Tumorsuppression 
by lysates made at 0- and 15-pounds pressure is equivocal and largely 
dissipated by day 5.5. In contrast, the lysate made at 25-pounds pres- 
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Tasie 2B.—Final T/C ratios and carcass-weight changes observed during the 7 lysate 
assays recorded in table 2A 





Final tumor Mean carcass weights 
mean weights — 
treated/control Beginning Termination Change 

Lysate No. (T/C ratio) (gm.) (gm.) 0 








A-32-S 0. 24 19. 1 18. 
Saline control : 19. 1 18. 


eo OO 


A-37-S8 0. 52 24.3 23. 
Saline control ; 23. 7 25. 


A-38-S 20. 18. 
Saline control ’ 19. 18. 


A-46-L 21. 20. 
Saline control . 22. 20. 


A-46-S 18. 18. 
Saline control ‘ 18. 19. 


A-47-5 21. 20. 
Placental blood control , 22. 23. 


A-53-L 37. 19. 
Placental blood control ' 
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— 
so 
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sure produces marked early suppression and its effect is maintained as 
measured by the T/C ratios. With the lysate made at 35-pounds pressure 
antitumor effects are less marked; the lysate producéd at 45-pounds 
pressure is virtually inactive over the 5.5-day period. By Tukey’s 
Multiple Comparison Test, the mean increase in tumor size in the mice 
treated with material lysed at 25-pounds pressure is significantly different 
at the 99-percent confidence level from that observed in either the saline 
controls or in the mice treated with material made at 15-pounds pressure. 
The growth-suppression effect obtained with material lysed at 25-pounds 
pressure differs at the 95-percent confidence level from that obtained 
with the lysate made at 35-pounds pressure. Changes in tumor size 
with lysates made at 0-, 15-, 35-, and 45-pounds pressure are not signifi- 
cantly different from that in control mice (table 4B). 


DISCUSSION 


The material used in these studies is a crude mixture of many substances, 
which retards tumor growth under the conditions of assay employed. For 
further study of the material a reproducible system of production and 
bioassay must first be established. The present work has been done as 
a step in this direction. 

There are many unanswered questions related to the highly empirical 
methods used in the production of these lysates. It does appear, how- 
ever, that under the conditions of tissue autolysis outlined here, repro- 
ducible lysates with inhibitory effects on the particular tumor have been 
obtained with the methods of assay used. 
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TaBLe 3B.—Statistical evaluation of changes in tumor sizes observed during the 5.5-day 
assays of lysates recorded in table 3A* 





Beginning Day 5.5 tu- 
Temper- Deaths tumor size mor size Change in tu- 
ature at ie (cm.2) (em.?) mor size (cm.?) 
autolysis Total 
Lysate No. CC.) mice Mean S§.D., Mean §.D.. Mean _ §8.D.;-, 








A-62 

A-69 

A-70 
Saline control 





*The data were analyzed by the Tukey Multiple Comparison Test, testing at both the 1 percent and 5 percent 
significant levels. (Tukey, J. W.: Comparing individual means in the analysis of variance. Biometrics 5:99, 
1919.) From these two multiple comparisons the following significant results were found: 

Comparisons found to be significant at the 5 Comparisons found to be significant at the 1 
percent significance level. percent significance level. 
A-62 with A-70 A-62 with A-70 
A-62 with controls A-62 with controls 
A-69 with A-70 A-69 with A-70 
A-69 with controls A-69 with controls 


When bacteria or other microorganisms were considered essential to 
the production of a tumor-inhibiting product (1), it was difficult to ex- 
clude the possibility that the activity might be due to an antibiotic sub- 
stance or a bacterial polysaccharide. Undoubtedly, in lysates made by 
our earlier methods, bacterial polysaccharides and other toxic bacterial 
products were present in variable quantities when these lysates were pre- 
pared in the presence of microorganisms. The chance that the autolytic 


mixture might be contaminated with microorganisms from placentas or 
air presented a variable in the production method which was difficult 
to control when some degree of bacterial growth appeared essential to 
the process. This problem has been elucidated in the present studies. 
The use of increased quantities of antibiotics, and, more recently, pro- 
longed autolysis at temperatures above the range that favors the growth 
of bacteria or yeasts result in sterile autolysates and exclude microor- 
ganisms which can be grown by standard culture techniques from any 
essential role in the process of autolysis. 

The successful results obtained following the replacement of air by 
hydrogen gas suggest that reduction of oxygen tension during autolysis 
may be a critical factor. Possibly the utilization of oxygen by micro- 
organisms in prior studies contributed to the production of a similar 
reduced chemical state. 

The role of gas evolution during the incubation process cannot, how- 
ever, be entirely overlooked. We have considerable evidence, not included 
with the present data, suggesting that active lysates cannot be prepared 
if gases which accumulate in the autolytic chambers are replaced with 
gases of external origin during the course of autolysis. Slow leakage of 
gas from the area of autolysis also appears to be detrimental. Further 
controlled data on these points are required. 

This first controlled study in mice which explores the influence of 
increased pressure upon the process of autolysis has yielded results that 
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Tas_Le 4B.—Statistical evaluation of changes in tumor sizes observed during the 5.5-day 
assays of lysates recorded in table 4A* 





Beginning Day 5.5 Change in 
Deaths tumor size tumor size tumor size 

Autolysis ee (em.?) (cm.?) (em.?) 
pressure Total - 
s/8q. in.) mice Mean 8.D., Mean 8.D.2 Mean 8.D.,., 





Lysate dose (lb 





A-65 
A-66 
A-62 
A-67 
A-68 
Saline controls 


oe pt pt St 
1000 Oo 





*The data were analyzed by using the Tukey Multiple Comparison Test, testing at both the 1 percent and 
5 percent significance levels. From these two multiple comparisons the following significant results were found: 
Comparisons found to be significant at the 1 Comparisons found to be significant at the 5 per- 
percent significance level. cent significance level. 
A-62 with A-66 A-62 with A-66 
A-62 with controls A-62 with controls 
A-62 with A-67 
A-62 with average of other 5 groups 
A-62 with average of A-65, A-66, A-67, and A-68 


confirm the conclusions derived from the work in dogs and cats (1). In 
this earlier work a gauge pressure of 25 pounds per square inch, plus or 
minus a few pounds, appeared essential for active antitumor-lysate pro- 
duction. The present study failed to yield significantly active lysates 
when autolysis was carried out at 15- and 35-pounds pressure, whereas 
autolysis at 25 pounds per square inch yielded a product with antitumor 
properties. 

The absence of significant antitumor activity after autolysis of placentas 
at 25-pounds pressure and 60° C. warrants comment. This may be the 
result of failure of the production process, or the activity itself may be 
heat-labile. Work in progress favors the former interpretation, since pre- 
liminary tests indicate that the activity is heat-stable at 60° C. 

The daily tumor measurements recorded in tables 3A and 4A demon- 
strate a rapid decrease of tumor size during the first 36 hours of treatment. 
This decrease is followed by gradual tumor growth which is, however, 
retarded throughout the course of the experiments. The early decline in 
tumor size is characteristic of the response of this particular bioassay sys- 
tem to the material, and was observed to some degree in all experi- 
ments of this report in which a favorable final T/C ratio was achieved. 

In several preliminary studies designed to assess the stability of the 
bottled lysate, there has been complete loss of this rapidly acting tumor- 
inhibiting property in as short a time as 1 week. In several active lysates 
used in the present study, the more prolonged inhibition of tumor growth 
which was evident at days 3.5, 4.5, and 5.5, in tables 3A and 4A, was 
unimpaired for several weeks, if the lysates were stored at room tempera- 
ture. All tumor-inhibiting properties of the present crude mixture are 
adversely affected by refrigeration at 10° C. 

At the present time it is necessary that the lysates be filtered and 
bottled within a few hours after opening the autolytic chamber, that the 
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material be stored without refrigeration, and that assay be begun within 
a few hours of bottling in order to demonstrate antitumor properties of 
the magnitude reported here. All the data in this report are based upon 
experiments that were conducted in this fashion. Factors that influence 
stability of the material are not completely understood. Some of these are 
under study at the present time. 

Toxicity experiments in normal mice with this crude mixture are 
limited by volume considerations. With the maximal treatment dose of 
2.0 ce. given intraperitoneally daily there is little evidence of acute toxicity, 
as measured by total-body weight and general appearance of normal, non- 
tumor-bearing mice. An LD50-estimate will require the preparation of 
more concentrated materials. Complete histologic studies in 40 mice at 
autopsy indicate that there is no destruction of bone marrow or demon- 
strable injury to heart, lungs, spleen, liver, bowel, adrenals, kidney, or 
ovary produced by the doses given in these studies. Tumor necrosis in 
treated mice is often extensive. Chronic toxicity studies have not been 
done, pending the preparation of larger quantities of stable material. All 
present carcass- and total-body weight data, however, indicate that the 
crude material can cause inhibition of tumor growth of the T4 lympho- 
sarcoma in strain A mice without evidence of general catabolic effects. 

A comment should be made concerning the assay system used for these 
studies. The particular tumor in use is designated lymphosarcoma 
T4/CRGL. It is an undifferentiated, rapidly growing neoplasm which his- 
tologically closely resembles reticulum-cell sarcoma. We find it relatively 
insensitive to both cortisone and ACTH. 

The absence of antitumor properties in lysates prepared under unsuit- 
able conditions suggests that the antitumor response reported here is the 
result of specific antitumor activity. Autolysis at 60° C. or at pressures 
other than 25 pounds has not yielded significant antitumor properties, 
notwithstanding the physical similarity of some of these lysates to the 
active product. Mice treated with such inactive lysates in effect provide 
additional control groups which, together with the established fresh 
placental blood or saline-control groups, strengthen the likelihood that 
tissue autolysis under certain well-defined conditions can yield a crude 
product with antitumor properties. 
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PLaTE 42 


Fiaure 1.—Subcutaneous transplants of lymphosarcoma treated for 7 days with either 
lysate A-32-S or control saline. Lysate-treated tumors have a mean weight of 1.2 + 
0.3 gm. The mean weight of control tumors is 4.9 + 1.3 gm. 


Ficure 2.—Subcutaneous transplants of lymphosarcoma treated for 7 days with 
either lysate A-38-S or control saline. Lysate-treated tumors have a mean weight 
of 2.1 gm. The mean weight of control tumors is 4.8 gm. 
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